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ABSTRACT
GROWTH, NODULATION, AND NITROGEN FIXATION OF ALFALFA 
(Medicago s a t i v a  L . )  AND RED CLOVER ( T r i f o l i u m  p r a t e n s e  L. )
AS INFLUENCED BY SOIL ACIDITY AND LIMING
by
DANIEL STEWART THOMAS ROBERTS 
U n i v e r s i t y  o f  New H amps h ire ,  Sep tem be r  1980
A s e r i e s  o f  f i e l d ,  g r e e n h o u s e  and l a b o r a t o r y  e x p e r i m e n t s  were 
condu c ted  t o  examine t h e  i n f l u e n c e  o f  s o i l  a c i d i t y  and l i m i n g  on t h e  
growth o f  Rhizobium and t h e  n o d u l a t i o n ,  n i t r o g e n  f i x a t i o n ,  and y i e l d  
o f  a l f a l f a  and r e d  c l o v e r .
In t h e  g r e e n h o u s e ,  from s o i l  pH 5 . 0  t o  5 . 6 ,  n i t r o g e n  f i x a t i o n  was 
shown t o  be more c o r r e l a t e d  t o  A1 s a t u r a t i o n  t h a n  pH o r  a v a i l a b l e  P. 
Once A1 s a t u r a t i o n  was r e d u ced  to  l e s s  t h a n  5 p e r c e n t  by l i m i n g ,  t h e  
a p p l i c a t i o n  o f  P was more b e n e f i c i a l  t o  y i e l d  and n o d u l a t i o n  t h a n  
f u r t h e r  a p p l i c a t i o n  o f  l i m e .  Lime p e l l e t e d  a l f a l f a  seed sown a t  a 
s o i l  pH o f  5 . 0  i n c r e a s e d  n o d u le  w e ig h t  and number but  d i d  n o t  improve 
n i t r o g e n  f i x a t i o n  o r  y i e l d .  I n c r e a s i n g  t h e  s o i l  pH by s o i l -  
i n c o r p o r a t i o n  o f  l im e  e l i m i n a t e d  t h e  a d v a n t a g e  o f  p e l l e t i n g .  The 
growth r e s p o n s e  o f  r e d  c l o v e r  t o  l i m i n g  was l e s s  t h a n  f o r  a l f a l f a .
Work w i th  ^ P  in  h y d r o p o n ic s  showed t h a t  r e d  c l o v e r  was c a p a b l e  o f  
m o b i l i z i n g  P u n d e r  a c i d i c  c o n d i t i o n s  i n  t h e  p r e s e n c e  o f  A1 t o  a g r e a t e r
d eg r ee  t h a n  a l f a l f a .  The r a t i o  o f  A l / P  i n  t h e  n o d u le s  was s i g n i f i ­
c a n t l y  l e s s  i n  r e d  c l o v e r  t h a n  a l f a l f a  as  m easured  by e l e c t r o n  d i s ­
p e r s i v e  a n a l y s i s  by X - r a y .
Using an a e r o p o n i c  c u l t u r e ,  n i t r o g e n  f i x a t i o n  by r e d  c l o v e r  was 
more t o l e r a n t  t h a n  a l f a l f a  t o  A1 s t r e s s  a t  pH 5 . 0 .  The a d d i t i o n  o f  
n i t r o g e n ,  how ever ,  r e d u ced  n i t r o g e n  f i x a t i o n  i n  bo th  legumes by o v e r  
90 p e r c e n t  a f t e r  f o u r  we eks .  N i t r a t e  r e d u c t a s e  a c t i v i t y  i n  r e d  
c l o v e r  was shown t o  be f o u r  t o  f i v e  t i m e s  t h a t  i n  a l f a l f a  when t h e  
p l a n t s  were  grown a t  pH 5 . 6 .  The a d d i t i o n  o f  f e r t i l i z e r  n i t r o g e n  t o  
t h e  s o i l  i n c r e a s e d  n i t r a t e  r e d u c t a s e  a c t i v i t y  i n  b o th  legumes w i t h  a 
com pensa to ry  d e c r e a s e  i n  n i t r o g e n  f i x a t i o n  such t h a t  y i e l d s  w e re  n o t  
a f f e c t e d .
The growth o f  Rhizobium m e l i l o t i  i n  a c i d i c  media  was shown t o  
be i n f l u e n c e d  by A1. At  pH 5 . 0 ,  t h e  a d d i t i o n  o f  t h e  e l e m e n t  s e v e r e l y  
r e duced  growth i n  t h e  t h r e e  s t r a i n s  t e s t e d .  At  pH 5 . 5 ,  t h e r e  was an 
i n c r e a s e  i n  growth l a g ,  b u t  t h e  s t r a i n s  d e m o n s t r a t e d  a d i f f e r e n t i a l  
a d a p t a t i o n  t o  t h e  t o x i c i t y .  In  o r d e r  t o  t e s t  t h e  e f f e c t i v e n e s s  o f  
t h e s e  s t r a i n s  i n  s o i l ,  t h r e e  a l f a l f a  v a r i e t i e s  were i n o c u l a t e d  and 
see ded i n t o  s t e r i l e  s o i l  a t  pH 5 . 0 ,  5 . 5 ,  and 6 . 0 .  No s i n g l e  combina­
t i o n  o f  s t r a i n - v a r i e t y  gave t h e  h i g h e s t  y i e l d ,  n o d u le  number,  o r  
n i t r o g e n  f i x a t i o n  f o r  a l l  t h r e e  s o i l  p H ' s .
Two f i e l d  e x p e r i m e n t s  were e s t a b l i s h e d  t o  s t u d y  t h e  i n f l u e n c e  
o f  b a n d e d / b r o a d c a s t  l im e  and p hosphoru s  on t h e  growth o f  a l f a l f a  and 
r e d  c l o v e r  e s t a b l i s h e d  by minimum t i l l a g e  i n  an a c i d i c  s o i l .  In  t h e  
Harmony H i l l  e x p e r i m e n t ,  l im e  r a t e  from 4 . 6  t o  1 3 .8  t / h a  had no i n ­
f l u e n c e  i n  t h e  s o i l  pH o f  t h e  t o p  5 cm o f  t h e  p r o f i l e .  At  g r e a t e r
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d e p t h s ,  t h e  h i g h e r  l im e  r a t e s  r a i s e d  pH and s i g n i f i c a n t l y  i n c r e a s e d  
y i e l d s .  Banded l i m e  d i d  n o t  improve y i e l d s ,  p e r c e n t  leg um e,  o r  s t a n d  
p e r s i s t e n c e .  One y e a r  a f t e r  e s t a b l i s h m e n t ,  r e d  c l o v e r  a v e r a g e d  l e s s  
t h a n  25 p e r c e n t  o f  t h e  s t a n d ;  i n s p e c t i o n  i n d i c a t e d  s e v e r e  i n t e r n a l  
breakdown and s e c o n d a r y  i n f e c t i o n  by Fusar ium s o l a n i . The e f f e c t s  o f  
low P and h igh A1 s a t u r a t i o n  i n  t h e  s u b s o i l  on a l f a l f a  s t a n d  p e r s i s -  
t a n c e  i s  n o t  known.
In t h e  D emeri t  e x p e r i m e n t ,  h y d r a t e d  l im e  i n c r e a s e d  t h e  s o i l  pH 
from 5 .6  t o  o v e r  6 . 5  i n  t h e  t o p  5 cm o f  t h e  s o i l  one month a f t e r  
l i m i n g  b u t  a c t u a l l y  r e d u c e d  y i e l d  and n o d u l a t i o n  o f  t h e  leg ume.  The 
a p p l i c a t i o n  o f  b r o a d c a s t  P d e c r e a s e d  t h e  A1 s a t u r a t i o n  i n  t h e  un l imed 
p l o t s  i n  t h e  t o p  5 cm o f  t h e  s o i l  t o  l e v e l s  com p a rab le  t o  t h e  d o l o m i t i c  
and h y d r a t e d  l im e  p l o t s .  The y i e l d s  o f  a l f a l f a  i n  t h e  un l imed  p l o t s  
e q u a le d  t h o s e  i n  t h e  l imed  p l o t s  when bo th  s i t e s  r e c e i v e d  a s i n g l e  
a d d i t i o n  o f  banded monoammonium p h o s p h a t e .  These  h i g h e r  y i e l d s  i n  
t h e  banded p l o t s  o c c u r r e d  i n  t h e  f i r s t  s p r i n g  h a r v e s t  f o l l o w i n g  t h e  
August  1978 s e e d i n g  and may have  r e s u l t e d  from t h e  p r e s e n c e  o f  bot h  
N and P in  t h e  band.
R e s u l t s  from t h e  two f i e l d  e x p e r i m e n t s  i n d i c a t e d  t h a t  good y i e l d s  
o f  a l f a l f a  can  be a c h i e v e d  i n  t h e  y e a r  f o l l o w i n g  e s t a b l i s h m e n t  i f  t h e  
a c i d i t y  i s  r e d u ced  i n  t h e  t o p  1 0  cm o f  t h e  s o i l  p r o f i l e  and a d e q u a t e  
P i s  p r e s e n t ;  l o n g e v i t y  o f  t h e  s t a n d  re m a ins  u n d e t e r m in e d .
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INTRODUCTION
The i m p o r t a n c e  o f  a l f a l f a  as  a f o r a g e  legume i n  New Hampshire has 
i n c r e a s e d  g r e a t l y  i n  t h e  p a s t  t h r e e  d e c a d e s .  The a c r e a g e  o f  hay in  
t h e  s t a t e  has  d e c r e a s e d  by 74 p e r c e n t  s i n c e  1950 w h i l e  a l f a l f a  has 
i n c r e a s e d  by 37 p e r c e n t  o v e r  t h e  same p e r i o d .  Compared t o  r e d  c l o v e r ,  
a l f a l f a  i s  more p e r s i s t e n t ,  d r o u g h t  r e s i s t a n t ,  h i g h e r  y i e l d i n g ,  and 
has a h i g h e r  p r o t e i n  and c a l c i u m  c o n t e n t .  The s e n s i t i v i t y  t o  s o i l  
a c i d i t y  does p r e s e n t  p roblems i n  growing  a l f a l f a  i n  New Hampshire  
where t h e  pH o f  v i r g i n  s o i l  n o r m a l l y  r a n g e s  from 4 . 5  t o  5 . 5 .
Under a c i d i c  c o n d i t i o n s ,  e x c h a n g e a b le  aluminum l e v e l s  i n c r e a s e  t o  
t o x i c  l e v e l s  and t h e  m a c r o n u t r i e n t s  c a l c i u m ,  magnesium and p hosphoru s  
d e c r e a s e  i n  t h e  s o i l .  The e f f e c t s  o f  t h e s e  s o i l  p r o c e s s e s  on legumes 
v a r i e s  w i t h  s p e c i e s , b u t  i n  g e n e r a l  aluminum i n t e r f e r e s  i n  m i t o t i c  d i v i ­
s i o n  i n  r o o t  c e l l s  i n h i b i t i n g  l a t e r a l  and r o o t  h a i r  dev e lo p m en t  and 
p r e v e n t s  f u l l  u t i l i z a t i o n  o f  p h o sp h o ru s  f o r  m e t a b o l i s m .  The low l e v e l s  
o f  c a lc i u m  r e d u c e  n o d u l a t i o n  and i n a d e q u a t e  p h o sphoru s  i n h i b i t s  d ry  
m a t t e r  a c c u m u l a t i o n .
Liming u s u a l l y  a l l e v i a t e s  t h e  s t r e s s  o f  s o i l  a c i d i t y  on a l f a l f a  
by i n c r e a s i n g  pH, p r o v i d i n g  c a l c i u m  and magnesium and r e d u c i n g  aluminum 
s a t u r a t i o n  i n  t h e  s o i l .  The i n f l u e n c e  o f  l im e  on t h e  p l a n t  v a r i e s  w i t h  
s o i l  t y p e ,  l i m i n g  m a t e r i a l ,  i n i t i a l  pH and p l a n t  s p e c i e s .  With l eg u m e s ,  
t h e  i n f l u e n c e  o f  a c i d i t y  and l i m i n g  must  be c o n s i d e r e d  f o r  t h e  h o s t  
p l a n t ,  t h e  s p e c i f i c  Rhizobium and t h e  s y m b i o t i c  r e l a t i o n s h i p .
1
2The o b j e c t  o f  t h i s  r e s e a r c h  was t o  examine t h e  i n f l u e n c e  o f  s o i l  
a c i d i t y  and l i m i n g  on Rhizobium g ro w t h ,  n o d u l a t i o n ,  n i t r o g e n  f i x a t i o n ,  
and y i e l d  o f  a l f a l f a  and r e d  c l o v e r  u s i n g  f i e l d ,  g r e e n h o u s e  and 
l a b o r a t o r y  e x p e r i m e n t s .
I .  REVIEW OF THE LITERATURE
H i s t o r i c a l  P e r s p e c t i v e
An abundance  o f  n u t r i t i v e  f o r a g e  i s  o f  p r im e i m p o r t a n c e  f o r  
s u c c e s s f u l  l i v e s t o c k  p r o d u c t i o n .  In  t h i s  r e s p e c t ,  New England  was 
s t r i k i n g l y  d e f i c i e n t  when f i r s t  s e t t l e d .  The I n d i a n s  k e p t  no 
h e r b i v o r o u s  d o m e s t i c  a n i m a l s  and henc e  had d e v e lo p e d  no f o r a g e  
p l a n t s  (B idw e l l  and F a l c o n e r ,  1 9 2 5 ) .  C o n s e q u e n t l y ,  t h e  hay and 
p a s t u r e  p l a n t s  i m p o r t a n t  t o  l i v e s t o c k  such  a s  t i m o t h y ,  Kentucky b l u e  
g r a s s ,  r e d  c l o v e r ,  w h i t e  c l o v e r  and a l f a l f a  we re  i m p o r t e d  from 
Europe ( B o l t o n ,  1962 ) .
Because  t h e  n a t i v e  g r a s s e s  ( w i l d  r y e  and broom s t r a w )  we re  n o t  
n u t r i t i o u s  enough f o r  c a t t l e ,  E n g l i s h  g r a s s e s  we re  i m p o r t e d  t o  New 
England in  t h e  e a r l y  1600s .  In  1665 ,  b l u e g r a s s ,  r e d  c l o v e r ,  and w h i t e  
c l o v e r  were  s e e d e d  i n  Long I s l a n d ,  New York,  and Rhode I s l a n d  ( F l i n t ,  
1860 ) .  In  P e n n s y l v a n i a  and New J e r s e y ,  l o c a l  f i e l d s  we re  c o v e r e d  
by c l o v e r  i n  t h e  1680s .  W i l l i a m  Penn w r o t e  a b o u t  a s u c c e s s f u l  s e e d i n g  
o f  r ed  c l o v e r  i n  C h e s t e r  C oun ty ,  P e n n s y l v a n i a ,  i n  1685 (B id w e l l  and 
F l a c o n e r ,  1 9 2 5 ) .  O c c a s i o n a l  r e p o r t s  were  p u b l i s h e d  o f  r e d  c l o v e r  
growing i n  New York p r i o r  t o  t h e  R e v o l u t i o n a r y  War.  Red c l o v e r  and 
t im o th y  were  s e e d e d  in  P o r t s m o u t h ,  New H a m p s h i re ,  as  e a r l y  as  1700 
( P i p e r ,  1 9 25) .  In  t h e  e a r l y  1 8 0 0 s ,  r e d  c l o v e r  and t i m o t h y  m i x t u r e s  
co ve re d  f i e l d s  i n  New H am psh i re ,  Maine ,  Vermon t ,  and C o n n e c t i c u t .  In 
1850, M a s s a c h u s e t t s  had 380 ,000  a c r e s  p l a n t e d  t o  r e d  c l o v e r  and 
t im o th y  m i x t u r e s .  In  t h e  l a t e  1.800s, New York l e d  t h e  e a s t e r n  s t a t e s
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4w ith  a p r o d u c t i o n  o f  hay i n  e x c e s s  o f  t h r e e  m i l l i o n  t o n s  (B idw e l l  and 
F a l c o n e r ,  1 9 25) .
U n l i k e  r e d  c l o v e r ,  t h e  h i s t o r y  o f  a l f a l f a  i n  t h e  e a s t e r n  s t a t e s  
and e s p e c i a l l y  i n  New Hampshire  i s  s k e t c h y  u n t i l  1900.  T h e r e  a r e  
b r i e f  r e p o r t s  o f  t h e  legume b e i n g  grown i n  G e o rg i a  i n  1736,  North  
C a r o l i n a  i n  1739 and i n  New York in  1791 ( B o l t o n  e t  a]_. ,  1 9 7 2 ) .  Only 
on c e r t a i n  c a l c a r e o u s  s o i l s  i n  New York was t h e  growing o f  a l f a l f a  
s u c c e s s f u l .  Bidwel l  and F a l c o n e r  (1925)  m en t io n  a l f a l f a  b e i n g  grown 
i n  P e n n s y l v a n i a  i n  e x p e r i m e n t a l  p l o t s  i n  18 20 ;and  i n  New Ha mpsh ire ,  
t h e  legume f a i l e d  t o  e s t a b l i s h  i n  1887 due t o  a s e v e r e  w i n t e r  (New 
Hampshire E x p e r im e n ta l  S t a t i o n  R e p o r t ,  1 8 9 0 ) .  In  1908 and 1909,  
a l f a l f a  was s e n t  o u t  by t h e  New Hampshire E x p e r im e n t  S t a t i o n  t o  35 
f a rm ers  i n  18 towns ( T a y l o r ,  1 9 1 0 ) .  By 1910,  o n l y  20 p e r c e n t  o f  t h e  
s t a n d s  s u r v i v e d .  T a y l o r  c o n s i d e r e d  w i n t e r  k i l l ,  poo r  s ee d b ed  p r e p a r a ­
t i o n ,  and low s o i l  f e r t i l i t y  as t h e  p r i m a r y  r e a s o n s  f o r  t h e  f a i l u r e  o f  
a l f a l f a .  The w i n t e r  h a r d i n e s s  prob lem  was s o l v e d  by t h e  i n t r o d u c t i o n  
o f  Grimm a l f a l f a  i n  New Hampshire  i n  1915 ( P r i n c e ,  1 9 20) .
F o l l o w in g  a s e r i e s  o f  f e r t i l i z e r  e x p e r i m e n t s  by t h e  New Hampshire 
A g r i c u l t u r a l  E x p e r im e n ta l  S t a t i o n ,  t h e  u s e  o f  a l f a l f a  i n c r e a s e d  s i g ­
n i f i c a n t l y  i n  t h e  s t a t e  ( P r i n c e  e t  a l _ . , 1 9 4 2 ) .  In  192 0,  t h e r e  were  
3 ,000  a c r e s  o f  a l f a l f a  i n  New H ampshi re ;  by 1950,  t h e  a c r e a g e  had i n ­
c r e a s e d  t o  12, 000  (T a b le  1 ) .  At  t h e  p r e s e n t  t i m e ,  a l f a l f a  a c c o u n t s  
f o r  26 p e r c e n t  o f  t h e  hay l a n d  i n  New Hampshire  and y i e l d s  a v e r a g e
5 .8  t / h a  (Crop P r o d u c t i o n ,  US0A Annual Summary, 1 9 7 8 ) .
T a b l e  1 .  The a c r e s  o f  t o t a l  hay and a l f a l f a  i n  t h e  U n i t e d  S t a t e s ,  t h e  Nor th  A t l a n t i c  S t a t e s J  and 
New Hampshire from 1920 t o  1978 a t  t e n - y e a r  i n t e r v a l s .  Y ie ld  d a t a  f o r  a l f a l f a  i s  a l s o  
p r e s e n t e d .
Year US




1 0 0 0 )
NH US
A l f a l f a  
(Acres  x 1000)
NA NH US
A l f a l f a  
( Y i e l d ,  t / h a )
NA NH
1920 56770 9805 372 9015 477 3 2.27 1 .9 5 1 .9 6
1930 55400 9916 378 10388 502 3 2 . 1 0 1 .96 1 .9 6
194Q 59097 9258 356 13903 756 4 2 .1 6 1 .9 4 1 .7 4
1950 65150 7995 272 19901 1556 1 2 2 .1 4 2 . 0 1 1 .7 5
1960 67313 6908 183 27580 1600 17 2 .4 3 2 . 2 0 2 .0 6
1970 62492 5968 124 27119 2206 21 2 .9 3 2 .6 4 2 . 3 8
19783 60311 4926 72 26651 2 0 0 0 19 2.91 2 .6 9 2 .5 5
^North A t l a n t i c  S t a t e s :  Maine ,  New H amps h ire ,  M a s s a c h u s e t t s ,  Vermont,  New York,  C o n n e c t i c u t ,  Rhode I s l a n d ,  
New J e r s e y  and P e n n s y l v a n i a .
^Data  t a k e n  from t h e  A g r i c u l t u r a l  S t a t i s t i c s ,  USDA 1940 -  1979.
^Data f o r  1978 t a k e n  from Crop P r o d u c t i o n ,  1978 Annual R e p o r t ,  USDA.
6S o i l  A c i d i t y
The s o i l s  o f  New Hampshire  a r e  a c i d i c  s p o d s o l s ,  h i g h l y  w e a t h e r e d  
w i th  i l l i t e  as  t h e  m a j o r  c l a y  m i n e r a l  (Gamble ,  1 9 5 4 ) .  The a c i d i t y  i s  
i n  p a r t  a f u n c t i o n  o f  t h e  r a i n  w a t e r  l e a c h i n g  away t h e  e x c h a n g e a b le  
b ase s  r e p l a c i n g  them w i t h  H and A1 i o n s .  Jenny  and Leonard  (1934)  
o b s e r v e d  a c o r r e l a t i o n  between t h e  amount  o f  r a i n f a l l  and s o i l  a c i d i t y .  
The a u t h o r s  i n d i c a t e d  t h a t  t h e  s o i l  H ion  c o n t e n t  i n c r e a s e d  w i t h  r a i n ­
f a l l .  The s o u r c e  o f  H io n s  i s  t h e  h y d r o l y s i s  o f  w a t e r  and t h e  o r g a n i c  
and i n o r g a n i c  a c i d s  produced  by m i c r o b i a l  a c t i o n  ( A l e x a n d e r ,  1 9 76) .
The A1 comes from t h e  w e a t h e r i n g  o f  t h e  p a r e n t  m a t e r i a l  by m ic ro b e s  
( A l e x a n d e r ,  1976) and t h e  h y d r o l y s i s  w i t h  i n o r g a n i c  a c i d s  ( J a c k s o n ,  
1963) .
Aluminum and S o i l  pH
A c i d i t y  measurement s  by pH a r e  a c t u a l l y  an e x p r e s s i o n  o f  t h e  H- 
ion c o n t e n t  o r  a c t i v i t y  i n  s o l u t i o n .  When a p p l i e d  t o  a s y s t e m  i n ­
v o l v i n g  two p h ase s  ( s o i l  and w a t e r )  t h e  meaning o f  pH i s  m o d i f i e d .
The s o i l  pH can be c o n s i d e r e d  as  a measure  o f  H+ a c t i v i t y  when t h e  
l i q u i d  and s o l i d  p h a s e s  a r e  a t  e q u i l i b r i u m .  The v a l u e  o b t a i n e d  i s  
t h e  r e s u l t  o f  t h e  amount  o f  H io n s  d i s s o c i a t e d  from t h e  s o i l  complex 
and t h e  e x t e n t  o f  A1 h y d r o l y s i s .  S o i l  pH i s  n o t  i n  any way a measure  
o f  A1 b u t  an e x p r e s s i o n  o f  H i o n s  r e g a r d l e s s  o f  t h e i r  s o u r c e .
The v a l u e  o f  A1 i n  s o i l  a c i d i t y  was n o t  s e r i o u s l y  c o n s i d e r e d  
u n t i l  t h e  i n t r o d u c t i o n  o f  s a t u r a t e d  r e s i n  columns (Coleman and 
Thomas, 1967) even thoug h some r e s e a r c h e r s  had c o n s i s t e n t l y  shown t h e  
p r e s e n c e  o f  A1 i n  s a l t  e x t r a c t s  from s o i l  ( S c h o f i e l d ,  1 9 4 9 ) .  I t  was
7g e n e r a l l y  a g r e e d  t h a t  t h e  A1 was an a r t i f a c t  o f  t h e  e x t r a c t i o n  method 
i n  which e x c h a n g e a b le  H+ combined w i t h  t h e  c h l o r i d e  s a l t s  p r o d u c in g  
HC1 which s o l u b i l i z e d  t h e  A1 from t h e  p a r e n t  m a t e r i a l  ( B l a c k ,  1 9 6 8 ) .  
Davis  e t  aJL (1962)  p a s s e d  b e n t o n i t e  c l a y  t h r o u g h  a H+- s a t u r a t e d  
r e s i n  column.  The a u t h o r s  m easu red  t i t r a t a b l e  H+ w i t h  NaOH and 
e x c h a n g e a b l e  A1 w i t h  BaCl2  i m m e d ia t e l y  and a f t e r  1 ,  2 ,  4 ,  and 12 
hou rs  a f t e r  h e a t i n g  a t  95 °C.  I f  HC1 was r e s p o n s i b l e  f o r  t h e  A1 
p r e s e n c e ,  t h e n  t h e  l e v e l s  o f  t h e  e l e m e n t  s h o u l d  n o t  have been i n ­
c r e a s e d  by t h e  h e a t i n g .  The r e s u l t s  Showed t h a t  t h e  h e a t i n g  i n c r e a s e d  
t h e  l e v e l s  o f  e x c h a n g e a b l e  A1 o v e r  t i m e ,  and t h e  t i t r a t i o n  c u r v e s  were  
m ark ed ly  d i f f e r e n t .  Lin and Coleman (1 960)  l e a c h e d  b e n t o n i t e  c l a y  
w i t h  A1Cl3 , washed o u t  t h e  e x c e s s  w i th  w a t e r  and e x t r a c t e d  t h e  c l a y  
w i t h  equa l  p o r t i o n s  o f  BaCl2 > KC1 and CaCl2 . The t h r e e  e x t r a c t s  
removed equal  amounts o f  A1 and t h e  mi H i  e q u i v a l e n t s  (Meq) o f  A1 were  
i d e n t i c a l  t o  t h e  Meq o f  Ca i f  t h e  c l a y  was i n i t i a l l y  l e a c h e d  w i t h  
CaCl2 - The e x p e r i m e n t a l  d a t a  c l e a r l y  d e m o n s t r a t e d  t h a t  t h e  A1 was 
n o t  an a r t i f a c t  and t h a t  t h e  e l e m e n t  was e x c h a n g e a b l e .
E x changeab le  and N on -e x ch an g e ab le  Aluminum
Aluminum e x i s t s  i n  t h e  s o i l  i n  e x c h a n g e a b l e  and n o n - e x c h a n g e a b l e  
forms ( J a c k s o n ,  1 9 6 3 ) .  E x changeab le  A1 i s  p o s t u l a t e d  t o  e x i s t  p r i ­
m a r i l y  as  Al(H2 0 )g+ 3  and A1 hydroxyl  po lymers  on c l a y  and o r g a n i c  
m a t t e r  a r e  t h o u g h t  t o  be n o n - e x c h a n g e a b l e  A1 (McLean e t  a l ^ . , 1 9 6 5 ) .
The e x c h a n g e a b le  A1 i s  p a r t  o f  a c o o r d i n a t i o n  complex i n  which t h e  
e l e m e n t  i s  bonded t o  t h e  oxygen m o l e c u l e  o f  w a t e r .  T h i s  h y d r a t e d  
compound i s  b o th  an e x c h a n g e a b le  c a t i o n  and an a c i d  due t o  i t s  a b i l i t y  
t o  d o n a t e  p r o t o n s :
8A1(H2 0 ) 6 + 3  + H20 +  (A1(H2 0 ) 6 0H) + 2  + H+
The f u r t h e r  a d d i t i o n  o f  h y d r o x y l s  p ro d u ces  complex A1 i o n s  t h a t  a b s o r b  
on c l a y  and o r g a n i c  m a t t e r  and do n o t  t a k e  p a r t  i n  c a t i o n  ex c h an g e .  
W e i s s m u l l e r  e t  a K  (1967)  s u g g e s t  t h a t  t h e s e  complexes  a r e  composed 
o f  a s e r i e s  o f  hexagonal  r i n g s  o f  A1 io n s  in  which o n l y  a p o r t i o n  o f  
t h e  r i n g  i s  h y d r o x y l s ,  so  t h a t  t h e  r i n g  s t r u c t u r e  i s  c h a r g e d .
N o n -ex ch an g eab le  A1 i s  c o n s i d e r e d  t o  p l a y  i n  i m p o r t a n t  r o l e  i n  
t h e  s o i l  c a t i o n  ex chang e c a p a c i t y  (CEC). T h i s  i s  c l e a r l y  shown in  
t h e  i n f l u e n c e  o f  e x t r a c t i o n  p r o c e d u r e  on t h e  s o i l  CEC. Bhumba and 
McLean (1965)  d e m o n s t r a t e d  t h a t  u n b u f f e r e d  KC1-CEC was i n c r e a s e d  by 
l i m i n g  and t h a t  o r g a n i c  m a t t e r  i n  t h e  s o i l  was r e s p o n s i b l e  f o r  t h e  
pH dep e n d en c y .  E x t r a c t i o n  w i t h  NH4 OAC a t  pH 7 . 0  was n o t  i n f l u e n c e d  
by pH o r  o r g a n i c  m a t t e r .  H e l l i n g  e t  al_. (1964)  m easur ed  t h e  KC1-CEC 
o f  60 W isco n s in  s o i l s  and d e t e r m i n e d  t h e  c o n t r i b u t i o n  o f  o r g a n i c  
m a t t e r  and c l a y  t o  t h e  i n c r e a s e  i n  CEC a f t e r  l i m i n g .  A c co rd in g  to  
t h e  a u t h o r s ,  be tween pH 5 . 0  and 7 . 0 ,  t h e  m a j o r i t y  o f  t h e  i n c r e a s e  
i n  CEC was due t o  o r g a n i c  m a t t e r .  McLean e t  al_. (1965)  i n d i c a t e d  
t h a t  t h e  e f f e c t  o f  o r g a n i c  m a t t e r  on CEC i s  s o l e l y  dom ina ted  by A1. 
T h i s  A1 i s  t i g h t l y  h e l d  t o  t h e  o r g a n i c  m a t t e r  and i s  n o t  e x t r a c t a b l e  
by KC1.
Aluminum and Phosphorus  F i x a t i o n
S e v e r a l  a u t h o r s  have d i s c u s s e d  t h e  r e l a t i o n s h i p  o f  Fe and A1 to  
P f i x a t i o n  i n  s o i l s  (Hsu ,  1964;  Low and B l a c k ,  1950;  J a c k s o n ,  1 9 5 8 ) .  
A c co rd in g  t o  V i j a y a c h a n d r a n  and H a r t e r  ( 1 9 7 5 ) ,  t h e  r o l e  o f  Fe i n  t h e
9f i x a t i o n  o f  P i s  c o n s i d e r e d  l e s s  i m p o r t a n t  t h a n  A1 i n  t e m p e r a t e  s o i l s .
In  e l e v e n  s o i l  sam pl es  c o l l e c t e d  from t h e  U n i t e d  S t a t e s  and P u e r t o  R ico ,  
t h e  a u t h o r s  found  s i g n i f i c a n t  c o r r e l a t i o n s  between e x c h a n g e a b l e  A1 and 
P f i x a t i o n  b u t  w i t h  Fe ,  no s i g n i f i c a n t  c o r r e l a t i o n s  t o  P we re  f o u n d .  
S i m i l a r  r e s u l t s  were  found f o r  F l o r i d a  s o i l s  (Yuan and B r e l a n d ,  1969) 
and f o r  New Brunswick  s o i l s  ( S a i n i  and MacLean, 1 9 6 5 ) .
There  i s  a g e n e r a l  d e b a t e  i n  t h e  l i t e r a t u r e  as  t o  t h e  p r o c e s s  o f  
P f i x a t i o n :  p r e c i p i t a t i o n  a n d / o r  a d s o r p t i o n .  I t  i s  ac knowledged t h a t
P f i x a t i o n  p r o c e e d s  i n  two s t e p s :  a f a s t  p h as e  t h a t  r e a c h e s  c o m p l e t i o n
i n  m i n u te s  o r  hou r s  and a s l o w e r  p h as e  t h a t  r e q u i r e s  months (Hsu ,  1964 
and 1965;  Hsu and R e n n i e ,  1 9 6 2 ) .  Some r e s e a r c h e r s  s u g g e s t s  t h a t  t h e  
im media te  r e a c t i o n  i s  t h e  a d s o r p t i o n  o f  P by hydroxyl  A1 polymers  and 
t h e  s l o w e r  i s  t h e  e v e n t u a l  p r e c i p i t a t i o n  o f  Al ( 0 H)2 H2 P0 /|. ( v a r i s c i t e ) .
Hsu (1965)  s t a t e s  t h a t  t h e  d i f f e r e n c e s  i n  r e a c t i o n  r a t e  a r e  d e t e r m i n e d  
by t h e  r e a d i n e s s  o f  A1 t o  r e a c t .  E x p er im en ts  by Haseman e t  al . .  (1950)  
showed t h a t  t h e  f i x a t i o n  o f  P was n o t  d ep e n d e n t  on t h e  i n i t i a l  P con­
c e n t r a t i o n ;  t h i s  i s  t y p i c a l  o f  s u r f a c e  a d s o r p t i o n  phenomena.  Hsu con­
t e n d s  t h a t  a l l  P f i x a t i o n  i s  a d s o r p t i o n  by Al polymers  and t h a t  
v a r i s c i t e  n e v e r  forms i n  t h e  s o i l .  L in d s ay  e t  al^. (1959)  s t a t e  t h a t  
t h e  im med ia te  r e a c t i o n  p r o d u c t s  o f  a p p l i e d  P i n  an a c i d  s o i l  a r e  t oo  
s o l u b l e  t o  be v a r i s c i t e  b u t  upon a g e i n g  t h e s e  p r o d u c t s  a r e  t r a n s f o r m e d  
t o  v a r i s c i t e .  V e i t h  and S p o s i t o  (1977)  gave e v i d e n c e  f o r  t h e  f o r m a t i o n  
o f  X -r ay  a n a l o g s  o f  v a r i s c i t e  u n d e r  c o n t r o l l e d  c o n d i t i o n s .
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S o i l  Aluminum and Legume Growth
Acid s o i l s  a r e  g e n e r a l l y  a s s o c i a t e d  w i t h  low l e v e l s  o f  Ca and P 
and t o x i c  l e v e l s  o f  Al and Mn (Andrews,  1 9 7 7 ) .  E x t e n s i v e  s t u d i e s  
have  examined t h e  i n f l u e n c e  o f  t h e s e  f a c t o r s  on t h e  growth o f  many 
n o n - legum inous  h o r t i c u l t u r a l  and a g r i c u l t u r a l  c r o p s :  c o r n  (Fox ,  1979;
Ragland  and Coleman,  1 9 5 9 ) :  w h e a t  ( L a f e v e r  e t  a l_ . , 1977;  K e r r i d g e  and 
K r o n s t a d ,  1968;  Mugwira e t  a J L , 1 9 7 6 ) ;  c o t t o n  (Adams and Wear,  1959;
Foy and Brown,  1 9 6 4 ) ;  b a r l e y  (Rees and Si d a k ,  196 1;  Reid  e t  a l_ . , 1 9 6 9 ) ;  
r i c e  (Howden and C a d a v e l , 1 9 7 6 ) ;  s u g a r  c ane  ( J u a n g ,  1 9 7 3 ) ;  sorghum 
(Reeve and Sumner ,  1 9 7 0 a ) ;  c a r r o t s  (Gupta  and Chipman,  1976;  Gupta 
e t  a ^ . , 1 9 7 0 ) ;  c i t r u s  ( L i e b i g  e t  a K , 1942 ;  and Gu est  and Chapman,
1 9 4 4 ) ;  peach t r e e s  (H or ton  and K i l p a t r i c k ,  1976;  and Jo n e s  and J o n e s ,  
1 9 7 4 ) ;  s u g a r  b e e t s  ( K e s a r  e t  a l . , 1977) and to m a t o e s  ( K i r s c h  e t  a l . ,  
1960;  Foy e t  a l . , 1 9 7 3 ) .  The g e n e r a l  o p i n i o n  i s  t h a t  Mn a n d / o r  Al 
i n d u c e  s t u n t i n g ,  d e p r e s s  r o o t  e l o n g a t i o n ,  i n h i b i t  l a t e r a l  and r o o t  
h a i r  d e v e lo p m e n t  and r e d u c e  t h e  l e v e l s  o f  Ca and P i n  p l a n t  t i s s u e .
For  l eg u m es ,  s t u d i e s  on s o i l  a c i d i t y  must  c o n s i d e r  t h e  h o s t  p l a n t ,  
t h e  s p e c i f i c  Rhizobium and t h e  s y m b o l ic  r e l a t i o n s h i p  l e a d i n g  t o  
n o d u l a t i o n  and n i t r o g e n  f i x a t i o n .  S e v e r a l  a u t h o r s  have shown t h a t  
a p p l i e d  N r e d u c e s  pH e f f e c t s  and t o  a l e s s e r  e x t e n t  Al t o x i c i t y  f o r  
legumes (Munns,  196 5a ,  1965b;  L one ragan  and Dowl ing,  1958;  Andrews 
and J o h n s o n ,  1 9 7 6 ) .  The i m p l i c a t i o n s  a r e  t h a t  t h e  p r i m a r y  e f f e c t s  
o f  s o i l  a c i d i t y  f o r  legumes a r e  on n o d u l a t i o n  and n i t r o g e n  f i x a t i o n .
The i n t e r a c t i o n  o f  Ca,  P ,  H, A l , and Mn on y i e l d  and r o o t  d e v e l ­
opment  a r e  g e n e r a l l y  known. A lso  t h e  i n f l u e n c e  o f  Ca,  P ,  H, and t o  
some e x t e n t ,  Mn on n o d u l a t i o n  i s  known; b u t  t h e  e f f e c t s  o f  Al on
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n o d u l a t i o n  i s  s t i l l  u n c l e a r .  The d i f f i c u l t y  l i e s  i n  t h e  prob lem o f  
s e p a r a t i n g  Al-P  i n t e r a c t i o n s  from Al t o x i c i t y  i n  s o l u t i o n  and i n  t h e  
s o i l .  In a s e r i e s  o f  h y d r o p o n i c  s t u d i e s ,  Munns (1 9 6 5 a ,  1965b)  showed 
t h a t  a l f a l f a  and s u b t e r r a n e a n  c l o v e r  had d i f f e r e n t  r e a c t i o n s  t o  pH. 
A l f a l f a  would  grow a t  pH 4 . 0  and 5 . 0  i f  s u p p l i e d  w i t h  N and i f  Al 
was n o t  p r e s e n t .  Added Al d e c r e a s e d  t h e  growth o f  a l f a l f a  s u p p l i e d  
w i t h  N and t o t a l l y  i n h i b i t e d  t h e  growth o f  t h e  p l a n t s  d e p e n d e n t  on 
n i t r o g e n  f i x a t i o n .  The c l o v e r  was n o t  i n f l u e n c e d  by t h e  pH e i t h e r  
w i t h  o r  w i t h o u t  N, and t h e  Al was harmful  o n l y  a t  t h e  h i g h e s t  co n c en ­
t r a t i o n s .  In  t h e s e  s o l u t i o n s ,  Munns c o u l d  n o t  s e p a r a t e  Al e f f e c t s  
from an Al i n d u ced  P d e f i c i e n c y .  The a u t h o r  had shown t h e  p r e s e n c e  
o f  A l -P  c o l l o i d a l  compounds i n  s o l u t i o n  t h a t  were c o l o r l e s s  and d i f ­
f i c u l t  t o  d e t e c t .  Only a t  pH's  below 5 . 0  c o u l d  t h e  a d v e r s e  i n f l u e n c e  
o f  Al be s e p a r a t e d  from t h e  P d e f i c i e n c y  and Munns showed t h a t  a l f a l f a  
p l a n t s  d i d  n o t  show any r e d u c t i o n  i n  l e v e l s  o f  P a t  pH 4 . 5 .  T h e r e  i s  
some i n d i c a t i o n ,  howeve r ,  t h a t  t h e  c o n c e n t r a t i o n  o f  P i n  p l a n t  t i s s u e  
may n o t  be a r e l i a b l e  method t o  d e t e r m i n e  P d e f i c i e n c y  due t o  Al-P  
i n t e r a c t i o n s  i n  t h e  p l a n t .  C l a r k s o n  ( 1 9 6 5 ,  1967) showed t h e  p r e s e n c e  
o f  A l -P  p r e c i p i t a t e s  i n  o n io n  r o o t  c e l l  w a l l s .  McCormick and Borden 
(1974)  used  t r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p y  w i t h  an e l e c t r o n  den se  
s t r a i n  t o  show t h e  p r e s e n c e  o f  A l -P  p r e c i p i t a t e s  i n  t h e  i n t r a c e l l u l a r  
s p a c e s  o f  b a r l e y  r o o t s .
In  n o d u l a t i o n  o f  a l f a l f a ,  Ca c o u n t e r e d  t h e  e f f e c t s  o f  pH between
4 . 8  and 5 . 6 .  Below pH 4 . 8 ,  no r e a s o n a b l e  l e v e l  o f  Ca co u ld  s t i m u l a t e  
n o d u l a t i o n  and a t  Ca l e v e l s  l e s s  t h a n  0 2 .  mM, n o d u l a t i o n  would n o t  
o c c u r  a t  any pH (Munns,  1 9 6 5 c ) .  Lonerag an  and Dowling (1958)  found
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s i m i l a r  r e s u l t s  w i t h  s u b t e r r a n e a n  c l o v e r ,  b u t  t h e  c r i t i c a l  l e v e l s  o f  
pH and Ca we re  d i f f e r e n t .  N o d u l a t i o n  would  n o t  o c c u r  below pH 4 . 0  
and 0 .01 mM Ca. Munns (1 970)  d e m o n s t r a t e d  t h a t  a l f a l f a  r e l e a s e d  a 
p e c t i n a s e  d u r i n g  t h e  f o r m a t i o n  o f  t h e  i n f e c t i o n  t h r e a d  by t h e  Rhizobium 
and p o s t u l a t e d  t h a t  t h e  enzyme had a Ca r e q u i r e m e n t .  The a c i d  s e n s i ­
t i v e  s t a g e s  o f  n o d u l a t i o n  f o r  s e v e r a l  legumes have been e s t a b l i s h e d .
In  Pi sum ( L i e ,  1 9 6 9 ) ,  T r i f o l i u m  (Low ther  and L o n e r a g a n ,  1970) and i n  
Medicago (Munns,  1 9 6 9 ) ,  t h i s  p e r i o d  i s  w i t h i n  one t o  t h r e e  days  a f t e r  
i n o c u l a t i o n ,  which c o r r e s p o n d s  t o  r o o t  h a i r  c u r l i n g  and t h e  i n i t i a t i o n  
o f  t h e  i n f e c t i o n  t h r e a d s .
L oner agan  and Dowling (1958)  c o n t e n d  t h a t  t h e  l e v e l  o f  Ca r e q u i r e d  
f o r  n o d u l a t i o n  i s  h i g h e r  t h a n  t h a t  r e q u i r e d  f o r  growth by t h e  h o s t  p l a n t  
o r  t h e  R h iz o b iu m . N o r r i s  (1959)  examined t h e  Ca and pH r e q u i r e m e n t s  o f  
48 s p e c i e s  o f  Rhizobium and found t h a t  pH m o d i f i e d  growth s i g n i f i c a n t l y  
b u t  t h e r e  was no d e t e c t a b l e  Ca r e q u i r e m e n t .  R e c e n t l y  Keyser  and Munns 
(1 97 9a )  s t u d i e d  t h e  i n f l u e n c e  o f  Ca on t h e  growth o f  23 cowpea and 10 
so ybean  Rhizobium s t r a i n s .  The a u t h o r s  found t h a t  low Ca l e v e l s  
r e d u c e d  t h e  growth o f  o n l y  one cowpea and t h r e e  soybean  Rhizobium 
s t r a i n s .
The i n f l u e n c e  o f  Mn on n o d u l a t i o n  i s  u n c l e a r .  A s t u d y  by 
Andrews (1977)  on t r o p i c a l  legumes showed t h a t  1600 uM o f  Mn r e d u ce d  
n o d u l a t i o n  o n l y  by 7 p e r c e n t  i n  co m par i son  t o  t h e  c o n t r o l s .  Vose and 
R anda l l  ( 1 9 6 3 ) ,  however ,  found t h a t  Mn l e v e l s  o f  200 uM s e v e r e l y  
r e d u c e d  t h e  n o d u le  number i n  w h i t e  c l o v e r .  I n  a g a r  s l a n t s ,  400 uM 
o f  Mn d e l a y e d  n o d u l a t i o n  in  s u b t e r r a n e a n  c l o v e r  (Andrews and H e g a r t y ,  
1 9 6 9 ) .  D i f f e r e n c e s  i n  r e s p o n s e  between legumes may be due t o
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v a r i a t i o n  between p l a n t s  o r  a v a r i a t i o n  i n  growth h a b i t s  o f  t e m p e r a t e  
and t r o p i c a l  l egum es .
The i n f l u e n c e  o f  Al on n o d u l a t i o n  and n i t r o g e n  f i x a t i o n  has  n o t  
been c l a r i f i e d .  J e n s e n  (1948)  i n d i c a t e d  t h a t  once  a l f a l f a  was n o d u l a t e d ,  
t h e  p l a n t  c o u l d  f i x  n i t r o g e n  a t  pH 4 . 5 ;  b u t  t h e s e  e x p e r i m e n t s  were  c a r ­
r i e d  o u t  w i t h o u t  A l . An a p p r o ach  t o  c l a r i f y i n g  t h e  r o l e  o f  Al i n  
n o d u l a t i o n  would be t o  n o d u l a t e  t h e  p l a n t s  i n  s and and t h e n  t r a n s f e r  
them t o  w a t e r  c u l t u r e  a t  d e s i r e d  Al l e v e l s ,  k e e p in g  t h e  s o l u t i o n  a t  
pH 4 . 5  and 5 . 0 .
T h ere  i s  v e r y  l i t t l e  e v i d e n c e  f o r  a h i g h e r  r e q u i r e m e n t  f o r  P i n
n o d u l a t i o n  th a n  i n  r e g u l a r  p l a n t  g ro w th .  But Gibson (1977)  has  shown
n o d u l a t i o n  t o  be an e x p e n s i v e  p r o c e s s  and M ous ta fa  and Boland (1971)
used  f o l i a r  s p r a y e d  t o  d e m o n s t r a t e  t h a t  P i s  t r a n s l o c a t e d  t o  t h e
32n o d u le s  i n  l a r g e  am oun ts .  The m a j o r i t y  o f  t h e  r e c o v e r e d  P was in  
AMP, ADP, and ATP. Jones  e t  al_. (1977)  found t h a t  n o d u le  number and 
w e i g h t  i n  so y b ean s  i n c r e a s e d  w i t h  added P. deMooy and Pesek (1966)  
s t a t e  t h a t  t h e  b e n e f i t  o f  P i n  n o d u l a t i o n  may be due t o  o t h e r  s o i l  
f a c t o r s  t h a t  i n t e r a c t  w i t h  P.  I t  would  be v e r y  d i f f i c u l t  t o  s e p a r a t e  
t h e  i n f l u e n c e  o f  P on d ry  m a t t e r  a c c u m u l a t i o n  from t h e  i n c r e a s e s  in  
n o d u le  number.
S e v e r a l  p a p e r s  have r e p o r t e d  i n c r e a s e d  n o d u l a t i o n  i n  s o i l  w i t h  
r e d u ced  Al s a t u r a t i o n  (M osch le r  e t  a l_ . , 1960;  R i c e ,  1975;  R ice  e t  a l . ,  
1 9 77) .  The d i f f i c u l t y  w i t h  d e f i n i n g  Al t o x i c i t y  i n  s o i l  i s  i n  s e p a r a t i n g  
n o t  o n l y  A l -P  i n t e r a c t i o n s  b u t  Al-Ca i n t e r a c t i o n s  as  w e l l .  Z a k a r i a  e t  
a l . (1977)  showed t h a t  soybean  n o d u le  number and w e i g h t  i n c r e a s e d  w i t h  
d e c r e a s i n g  Al s a t u r a t i o n ,  b u t  l e v e l s  o f  Ca and P a l s o  i n c r e a s e d  i n  t h e
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s o i l .  S a r t a i n  and Kamprath (1977)  found t h a t  soy bea n  n o d u le  number 
improved  w i t h  r e d u c e d  Al s a t u r a t i o n ,  b u t  t h e  c o n c e n t r a t i o n  o f  Al i n  
t h e  n o d u l e s  was n o t  l e s s e n e d .  At a l l  l e v e l s  o f  Al s a t u r a t i o n ,  t h e  
l e v e l s  o f  Al i n  t h e  no d u les  rema ined  t h e  same.  The a u t h o r s  o f f e r e d  no 
e x p l a n a t i o n  f o r  t h i s  s i t u a t i o n .
The e f f e c t s  o f  Al and P on Rhizobium growth were  r e c e n t l y  examined 
i n  c u l t u r e  by Keyse r  and Munns ( 1 9 7 9 a ,  1 9 7 9 b ) .  The r e s e a r c h e r s  grew 
cowpea and soybean Rhizobium s t r a i n s  i n  t h e  p r e s e n c e  o f  Al a t  pH 4 . 5 .  
T o l e r a n c e  t o  low pH d id  n o t  n e c e s s a r i l y  i n c l u d e  t o l e r a n c e  t o  A l ; t h e  
Al i n c r e a s e d  t h e  l a g  t im e  i n  t h e  b a c t e r i a l  growth and l e s s e n e d  t h e  
t o t a l  number o f  b a c t e r i a  o v e r  t h e  growth p e r i o d  compared t o  t h e  con ­
t r o l s .  The Al l i m i t e d  growth t o  a g r e a t e r  e x t e n t  t h a n  low P o r  a c i d i c  
pH. P o s s i b l y  t h e  m a jo r  e f f e c t  o f  Al i n  a c i d i c  s o i l s  i s  i n  t h e  i n h i b i ­
t i o n  o f  Rhizobium g ro w th .  Rhizobium m e ! i 1o t i  i s  known t o  be  t h e  most  
s e n s i t i v e  s p e c i e s  t o  a c i d i c  pH, a c h a r a c t e r i s t i c  t h a t  i t  s h a r e s  w i t h  
t h e  h o s t  p l a n t ,  a l f a l f a .  V i n c e n t  (1977)  n o t e d  t h a t  t h e  n a t u r e  o f  t h e  
a c i d i t y  t o l e r a n c e  o f  t h e  h o s t  p l a n t  and i t s  s p e c i f i c  Rhizobium a r e  
u s u a l l y  c o r r e l a t e d .  T h i s  c o r r e l a t i o n  i s  n o t  e n t i r e l y  a f u n c t i o n  o f  
H ion  a c t i v i t y  s i n c e  many legumes w i l l  grow a t  l ow er  pH i n  s o l u t i o n  
t h a n  t h e i r  r e s p e c t i v e  Rh izob ium . The s e n s i t i v i t y  o f  j l .  m e l i l o t i  t o  Al 
i s  n o t  known, b u t  t h e  i n f o r m a t i o n  would be h e l p f u l  i n  c l a r i f y i n g  t h e  
r o l e  o f  Al i n  a c i d  t o x i c i t y  o f  a l f a l f a .
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Lime C h em is t r y  and P r a c t i c e s
Lime was a s s o c i a t e d  w i t h  t h e  growing  o f  a l f a l f a  lo n g  b e f o r e  t h e  
t h e o r i e s  on s o i l  a c i d i t y  we re  i n t r o d u c e d .  E a r l y  f a rm e r s  i n  New England 
w e re  aware  t h a t  a l f a l f a  was a l i m e - l o v i n g  p l a n t .  The e a r l y  s u c c e s s  o f  
t h i s  legume i n  New York i s  t h o u g h t  t o  be due t o  p l a n t i n g s  i n  s o i l s  
h ig h  i n  Ca. T a y l o r  (1910)  p o i n t s  t o  low s o i l  f e r t i l i t y  and a c i d i c  
pH as  l i m i t i n g  f a c t o r s  f o r  t h e  f a i l u r e  o f  a l f a l f a  i n  New Hampshi re .  
Liming s o i l  i n c r e a s e s  e x c h a n g e a b le  b a s e s ,  r e d u c e s  Al and Mn l e v e l s ,  
d e c r e a s e s  a n i o n  a d s o r p t i o n  r e l e a s i n g  them i n t o  s o l u t i o n ,  and improves  
c o n d i t i o n s  f o r  m i c r o b i a l  a c t i o n .  The e f f e c t s  o f  t h e s e  changes  v a r i e s  
between legumes d ep e n d in g  on t h e i r  t o l e r a n c e  t o  s o i l  a c i d i t y .
Lime m a t e r i a l s  and p r a c t i c e s  a r e  d e p e n d e n t  on c o s t ,  s o i l  pH, and 
t h e  c r o p .  The most  commonly u sed  l i m e s  i n  New England  a r e  i n  o r d e r :  
d o l o m i t i c  (CaC0 3 , MgC0 3 ) ,  c a l c i t i c  (CaC0 3 ) ,  and h y d r a t e d  (Ca(OH)2 ) - 
These  m a t e r i a l s  d i f f e r  i n  n e u t r a l i z i n g  power ,  which i s  a f u n c t i o n  o f  
s o l u b i l i t y  and p a r t i c l e  s i z e .  C a l c i t e  i s  a s s i g n e d  a v a l u e  o f  100 f o r  
n e u t r a l i z i n g  pow er ,  d o l o m i t e  a v a l u e  o f  95 t o  108 ,  and h y d r a t e d  a v a l u e  
o f  134.  Al l  l i m e  s h o u l d  be  f i n e  enough t h a t  90 p e r c e n t  p a s s e s  a 10- 
mesh s c r e e n ,  50 p e r c e n t  a 50-mesh s c r e e n ,  and 25 p e r c e n t  a 100-mesh 
s c r e e n  ( J o n e s ,  1 9 7 9 ) .
Lime can be a p p l i e d  by b r o a d c a s t i n g ,  p e l l e t i n g ,  and b a n d i n g .  Lime 
p e l l e t i n g  o f  s e e d s  was f i r s t  u sed  i n  Maine i n  1941 w i t h  a l f a l f a  i n  
a c i d i c  s o i l s  ( B r o c k w e l l ,  1 9 6 3 ) .  S i n c e  t h e n ,  t h e  p r a c t i c e  has  s p r e a d  
t o  many o t h e r  p l a c e s  and i s  now used  e x t e n s i v e l y  i n  A u s t r a l i a  and New 
Z ea l an d  ( B r o c k w e l l ,  1 9 7 7 ) .  The a d v a n t a g e s  o f  p e l l e t i n g  a r e  t h a t  t h e
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Rhizobium a r e  i n  an e n v i ro n m e n t  h igh  i n  Ca t h a t  i s  p r o t e c t e d  from 
m i c r o b i a l  p r e d a t i o n  and c o m p e t i t i o n .  P e l l e t i n g  i s  u sed  f r e q u e n t l y  
w i t h  s e e d i n g  o f  c l o v e r s  i n t o  r a n g e l a n d s  i n  A u s t r a l i a  (Munns,  1 9 7 7 ) .
T h i s  method has  been found t o  be l e s s  b e n e f i c i a l  t o  a l f a l f a  b e c a u s e  
t o x i c  l e v e l s  o f  Al and Mn a r e  n o t  r e d u c e d .  N o r r i s  (1965)  c o n s i d e r s  
t h e  u s e  o f  l i m e  p e l l e t i n g  harmful  t o  a c i d  t o l e r a n t  l e g u m e s ,  e s p e c i a l l y  
t h e  t r o p i c a l  group  which t e n d  t o  have a l o w e r  Ca r e q u i r e m e n t .  Thes e  
legumes a r e  u s u a l l y  n o d u l a t e d  by a l k a l i n e - p r o d u c i n g  Rhizobium t h a t  do 
n o t  t h r i v e  a t  h i g h e r  pH l e v e l s  such  a s  l im e  p e l l e t i n g  would c r e a t e .
In  c o n t r a s t  t o  t h e  above n e g a t i v e  r e s p o n s e ,  C ord e r o  and B l a i r  (1978)  
work in g  w i t h  t r o p i c a l  legumes found  t h a t  l im e  p e l l e t i n g  t h e  s e e d  
c a u s e d  s i g n i f i c a n t  i n c r e a s e s  i n  n o d u l a t i o n  i n  t h e  c l o v e r s  t e s t e d .  The 
b e n e f i t  o f  p e l l e t i n g  was r e d u c e d  a c i d i t y  and h i g h e r  l e v e l s  o f  Ca in  
t h e  im me dia te  a r e a  o f  t h e  s e e d .  Banded l i m e  has  been us ed  t o  some 
e x t e n t  w i t h  a l f a l f a  i n  a c i d i c  s o i l s .  The p r i n c i p a l  i s  s i m i l a r  t o  
p e l l e t i n g ;  i . e . ,  i n d u c e  a h ig h  l e v e l  o f  Ca i n  t h e  a r e a  o f  t h e  s e e d  f o r  
n o d u l a t i o n .  Brown (1950)  found t h a t  banded l im e  was n o t  b e n e f i c i a l  i n  
e s t a b l i s h i n g  a l f a l f a  b u t  was q u i t e  e f f e c t i v e  i n  s t a n d  m a i n t e n a n c e  and 
y i e l d .  The re  a r e  no r e p o r t s  o f  banded l im e  b e i n g  used  w i t h  c l o v e r .
G e n e r a l l y  l im e  i s  a p p l i e d  by b r o a d c a s t i n g  i n  s p l i t  a p p l i c a t i o n s  
w i t h  p low ing  and d i s k i n g  t o  a t t e m p t  an even m i x t u r e  i n  t h e  s o i l .
S e v e r a l  s t u d i e s  have shown t h a t  pH a d j u s t m e n t  p ro c e e d s  much f a s t e r  i n  
g r e e n h o u s e  s t u d i e s  t h a n  i n  t h e  f i e l d  b e c a u s e  l im e  can be more e v e n l y  
mixed u n d e r  g r e e n h o u s e  c o n d i t i o n s  ( J o n e s ,  1979;  McLean, 1 9 7 6 ) .  Even 
w i t h  p oor  m i x i n g ,  pH chnages  w i t h  b r o a d c a s t  l im e  a r e  u s u a l l y  r a p i d  
i n  t e m p e r a t e  a r e a s .  P r i n c e  e t  aJL (1942)  l im ed  a f i e l d ,  i n i t i a l  pH
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5 . 3 ,  w i t h  2 . 3  and 4 . 6  m e t r i c  t o n s  p e r  h e c t a r e  ( t / h a )  o f  c a l c i t e  i n  1928.  
W i t h i n  one y e a r  t h e  pH a t  2 . 3  and 4 . 6  t / h a  was 5 . 7  and 6 . 0 , r e s p e c t i v e l y ;  
and a f t e r  two y e a r s ,  t h e  pH a t  bot h  l im e  r a t e s  exc ee d e d  6 . 0 .
Brown e t  al_. (1956)  a p p l i e d  4 . 6 ,  9 . 2 ,  and 1 3 . 8  t / h a  c a l c i t e  t o  a 
g r a s s  sod  and m easu red  t h e  pH o v e r  a t e n - y e a r  p e r i o d .  The a u t h o r s  
fo und  t h a t  t h e  r a t e  o f  l i m e  had l e s s  e f f e c t  on t h e  pH t h a n  t i m e .  The 
s o i l  pH chang ed  as  much by t h e  low l im e  r a t e  as t h e  h igh  r a t e  i n  t h e  
s t u d y  p e r i o d .  A s i m i l a r  s t u d y  was done by Long necke r  and S prag ue  
(1940 )  w i t h  a s e r i e s  o f  s o i l s  r a n g i n g  from a loamy san d  t o  a c l a y  loam.  
The a u t h o r s  found t h a t  l im e  p e n e t r a t i o n  was d e p e n d e n t  on s o i l  t y p e  
and l i m e .  The r e s u l t s  from b o th  t h e s e  s t u d i e s  i n d i c a t e  t h a t  pH 
cha ng e i n  a g r a s s  sod  i s  a l o n g - t e r m  p r o c e s s .  Under t h i s  s i t u a t i o n ,  
l i m e  p e l l e t i n g  o r  b a n d in g  m i g h t  be  b e n e f i c i a l  e s p e c i a l l y  f o r  a l f a l f a .
Th e re  i s  c o n s i d e r a b l e  d e b a t e  i n  t h e  l i t e r a t u r e  as  t o  t h e  f i n a l  pH 
t o  which a s o i l  s h o u l d  be l i m e d .  The d e g r e e  t o  which P f i x a t i o n  i s  
r e l i e v e d  by l i m i n g  i s  a t  t h e  c e n t e r  o f  t h e  i s s u e .  Reeve and Sumner 
(1970a)  d e m o n s t r a t e d  w i t h  s e v e r a l  F l o r i d a  s o i l s  t h a t  t h e  l e v e l s  o f  
e x c h a n g e a b le  Al were  p r a c t i c a l l y  e l i m i n a t e d  by l i m i n g  b u t  t h e r e  was 
no i n c r e a s e  i n  e x t r a c t a b l e  P. Munns (1965b)  found  t h a t  l im e  r e d u c e d  
Al s a t u r a t i o n  b u t  had no i n f l u e n c e  on t h e  r e l e a s e  o f  P in  t h e  s o i l .
Reeve and Sumner (1970b)  s t a t e d  t h a t  s i n c e  l i m i n g  d i d  n o t  i n f l u e n c e  
P,  o n l y  t h e  r e d u c t i o n  o f  Al l e v e l s  s h o u l d  be t h e  g o a l .  Kamprath 
(1970)  s t a t e d  t h a t  t h e  r e d u c t i o n  o f  Al s a t u r a t i o n  s h o u l d  be t h e  aim o f  
l i m i n g .  Kamprath found i n  a s e r i e s  o f  e x p e r i m e n t s  t h a t  maximal c r o p  
y i e l d  c o u l d  be a c h i e v e d  a t  a pH lo w er  t h a n  n o r m a l l y  l imed  f o r  once  Al
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s a t u r a t i o n  had been r e d u c e d .  McLean (1976)  s u g g e s t s  t h a t  a c i d  s o i l s  
s h o u l d  be l imed  t o  pH 6 . 5  t o  i n c r e a s e  t h e  a v a i l a b i l i t y  o f  m i c r o n u t r i e n t s ,  
improve n i t r o g e n  m i n e r a l i z a t i o n  and r e d u c e  Al s a t u r a t i o n .  McLean 
b e l i e v e s  t h a t  l i m i n g  o n l y  t o  e l i m i n a t e  Al m ig h t  be b e n e f i c i a l  in  
t r o p i c a l  s o i l s  b u t  n o t  i n  t e m p e r a t e  s o i l s .
Munns (1965b)  d e m o n s t r a t e d  t h a t  t h e  l im e  r e s p o n s e  i n  c l o v e r  c o u l d  
be c o m p l e t e l y  e l i m i n a t e d  by m a s s iv e  a p p l i c a t i o n s  o f  P. For a l f a l f a ,  
i n c r e a s e d  l e v e l s  o f  P had no i n f l u e n c e  u n t i l  Al s a t u r a t i o n  was t o t a l l y  
r e d u c e d .  Coleman e t  al_. (1959)  d e m o n s t r a t e d  t h a t  i n  s e v e r a l  s o i l s  from 
Nor th  C a r o l i n a  Al was r e d u ced  t o  l e s s  t h a n  10 p e r c e n t  s a t u r a t i o n  by 
pH 5 . 6 .  Cord e ro  and B l a i r  (1978)  found t h a t  p e l l e t i n g  c l o v e r  s e e d  w i t h  
l im e  and s u p e r p h o s p h a t e  was s u f f i c i e n t  f o r  good y i e l d s  i n  a c i d i c  s o i l s .  
The d a t a  from t h e  l i t e r a t u r e  i n d i c a t e  t h a t  t h e  i n t e r a c t i o n  o f  l im e  and 
P in  im p ro v in g  growth o f  legumes i n  a c i d i c  s o i l s  i s  s t i l l  open t o  
q u e s t i o n .
I I .  MATERIALS AND METHODS
Greenhouse  I n v e s t i g a t i o n s
I n f l u e n c e  o f  Lime on S o i l  A c i d i t y  and Legume Growth
Of t h e  g r e e n h o u s e  e x p e r i m e n t s ,  t h r e e  were  co n d u c te d  t o  c l a r i f y  
t h e  i n f l u e n c e  o f  l im e  and P on t h e  n o d u l a t i o n ,  n i t r o g e n  f i x a t i o n ,  and 
y i e l d  o f  r e d  c l o v e r  a n d / o r  a l f a l f a .
S tu dy  1:  The Response  o f  A l f a l f a  t o  Lime. T h ree  s o i l s  were  
c o l l e c t e d  from s i t e s  t h a t  were  n o t  i n  c u r r e n t  u s e .  The s o i l s  and 
s i t e s  s e l e c t e d  w e r e :  Agawam s i l t  loam,  C la r e m o n t ,  New Ha mpsh ire ;
C h a r l t o n  loam,  Le e ,  New Ha mpshi re ;  and Pax ton  s i l t  loam, P i t t s f i e l d ,
New Ha mps h ire .  The t o p  15 cm o f  t h e  s o i l  p r o f i l e  was c o l l e c t e d  from 
each l o c a t i o n  i n  A ug us t  1976,  s c r e e n e d  and sampled on s i t e .  In 
Septem ber  1976,  d o l o m i t i c  l i m e s t o n e  a t  0 ,  A.6 , and 9 . 2  t / h a  and 120 kg 
I ^ O /h a w e r e  t h o r o u g h l y  b l en d e d  w i t h  t h e  above s o i l s ;  and t h e  r e s u l t i n g  
m i x t u r e  was p l a c e d  i n t o  200 mm p l a s t i c  p o t s .  The p o t t e d  s o i l s  were 
w a te r e d  t o  a l l o w  t h e  l im e  t o  s o l u b i l i z e  u n t i l  December 1976 when 
S a r a n a c  a l f a l f a  was i n o c u l a t e d  and s e e d e d .  The p o t s  were  p l a c e d  on 
a g r e e n h o u s e  bench u n d e r  cool  w h i t e  f l u o r e s c e n t  l i g h t s  w i t h  a 1 6 -h o u r  
d a y l e n g t h .  Ten days  a f t e r  em ergence ,  t h e  p l a n t s  were t h i n n e d  t o  f i v e  
p l a n t s  p e r  p o t .  The e x p e r i m e n t a l  d e s i g n  was a random co m p le te  b lo ck  
w i t h  f o u r  r e p l i c a t i o n s .
The p l a n t s  we re  h a r v e s t e d  in  March ( t o p s )  and in  May (whole  p l a n t s ) .  
In May, n o d u le  number,  w e i g h t ,  c o l o r ,  and n i t r o g e n  f i x a t i o n  we re  d e t e r ­
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mined a l o n g  w i t h  y i e l d .  N i t r o g e n  f i x a t i o n  was m easu red  v i a  a c e t y l e n e  
r e d u c t i o n  u s i n g  t h e  p r o c e d u r e  o f  Hardy e t  aJL ( 1 9 6 8 ) .  T h i s  t e c h n i q u e  
i s  based  on t h e  f a c t  t h a t  t h e  n i t r o g e n a s e  enzyme w i l l  r e d u c e  a c e t y l e n e  
( C2 H2 ) t o  e t h y l e n e  (C2 H4 ) :
6 e " +n 2  -> nh 4
N2  a s e  
2  e~
C2H2 C2H4
The r a t i o  o f  C2 H2 /N2  i s  c o n s i d e r e d  t o  be  3 : 1 ,  b u t  r e s e a r c h  has  shown 
t h a t  t h e  r a t i o  v a r i e s  between s p e c i e s ,  w i t h  t h e  s t a g e  o f  p l a n t  growth and 
w i t h  en v i ro n m e n ta l  c o n d i t i o n s  (Hardy e t  a l_ . , 1 9 6 8 ) .
The a c e t y l e n e  used  i n  t h e s e  e x p e r i m e n t s  was g e n e r a t e d  by t h e  r e d u c ­
t i o n  o f  c a l c i u m  c a r b i d e  w i t h  w a t e r :
CaC2 + "*■ Ca(0H) 2  + C2 H2
The f i v e  p l a n t s  were  c a r e f u l l y  removed from t h e  s o i l  and t h e  
r o o t s  were  s e p a r a t e d  from t h e  t o p s .  The n o d u l a t e d  r o o t s  we re  g e n t l y  
washed w i t h  w a t e r  t o  remove s o i l  and p l a c e d  in  Mason j a r s  (250 ml) 
m o d i f i e d  w i th  5 .0  cm l e n g t h s  o f  c o p p e r  t u b i n g  th r o u g h  t h e  c e n t e r  o f  
t h e  l i d s .  The o u t e r  end o f  t h e  t u b i n g  was s e a l e d  w i t h  a serum cap 
which a l l o w e d  gas  t o  be i n j e c t e d  and s a m p l e d .  From t h e  j a r s  c o n t a i n i n g  
t h e  r o o t s ,  25 ml o f  a i r  was r e p l a c e d  w i t h  an  eq u a l  volume o f  g e n e r a t e d  
C2 H2  w i th  a d i s p o s a b l e  s y r i n g e .  The j a r s  we re  i n c u b a t e d  a t  28°  f o r  60 
m in u te s  i n  a w a t e r  b a t h .  A f t e r  i n c u b a t i o n ,  t h r e e  1 ml gas  samples
were  wi thdraw n and a n a l y z e d  f o r  C2 H4  a g a i n s t  1 ppm s t a n d a r d s  w i t h  a
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P e r k i n - E l m e r  Gas Chromatograph  Model 990 on an a lu m in a  column a t  
100 oc .
A f t e r  t h e  gas  sam ples  were  t a k e n ,  t h e  n o d u le s  we re  removed from 
t h e  r o o t s ,  c o u n t e d ,  w e ig h e d ,  and t h e  p e r c e n t  o f  t h e  t o t a l  n o d u le s  t h a t  
we re  p in k  was d e t e r m i n e d .  The p ink  c o l o r  i s  c o n s i d e r e d  as  an i n d i c a ­
t i o n  o f  t h e  p r e s e n c e  o f  l eg a h e m o g lo b i n  and a c t i v e  n i t r o g e n  f i x a t i o n  
( D a t e ,  1 970) .
S o i l  sam pl es  t a k e n  p r i o r  t o  l i m i n g  and a f t e r  f i n a l  h a r v e s t  were 
a n a l y z e d  f o r  pH, Ca,  Mg, K, P,  and A l . S o i l  pH was d e t e r m in e d  i n  a 
1:1 w a t e r - s o i l  s l u r r y  w i t h  an O ri on  D i g i t a l  pH M e te r .  E x changeab le  
Ca,  Mg, and K were  e x t r a c t e d  w i t h  1 N NH4 OAC and d e t e r m in e d  by a to m ic  
a b s o r p t i o n  o r  f l am e  e m i s s i o n .  Lanthanium c h l o r i d e  was added f o r  t h e  
a n a l y s i s  o f  Ca and Mg a t  a f i n a l  c o n c e n t r a t i o n  o f  0 .1  p e r c e n t  t o  p r e ­
v e n t  t h e  f o r m a t i o n  o f  p h o s p h a t e  compounds w i t h  t h e s e  e l e m e n t s  (Skoog 
and West ,  1 9 7 4 ) .  E xch a n g ea b le  Al was e x t r a c t e d  w i t h  1 N KC1 and mea­
s u r e d  by a t o m i c  a b s o r p t i o n  u s i n g  n i t r o u s  o x i d e  as  t h e  o x i d a n t .  A v a i l ­
a b l e  P was e x t r a c t e d  w i t h  a Bray #1 s o l u t i o n  (Bray and K u r t z ,  1945) 
and m easured  a c c o r d i n g  t o  t h e  method o f  Ol sen  and Dean (1 9 6 9 ) .
The d a t a  we re  a n a l y z e d  w i t h  D uncan 's  New M u l t i p l e  Range T e s t  
and m u l t i p l e  r e g r e s s i o n  a n a l y s i s .
S tu dy  2:  The Response  o f  A l f a l f a  and Red C l o v e r  t o  Lime P e l l e t i n g .
Paxton s i l t  loam s o i l  which had r e c e i v e d  0 ,  4 . 6 ,  and 9 . 2  t / h a  d o l o m i t i c  
l i m e s t o n e  was u sed  i n  t h i s  e x p e r i m e n t .  The s o i l  was p l a c e d  i n  200 mm 
p l a s t i c  p o t s  and f e r t i l i z e d  w i t h  600 kg 0 - 2 0 - 2 0 / h a .  S e e d i n g s  were  made 
o f  b o th  p e l l e t e d  and n o n - p e l l e t e d  S a r a n a c  a l f a l f a  and P e n n s c o t t  r e d  
c l o v e r  i n  S ep tem ber  1977.  The p e l l e t i n g  p r o c e d u r e  c o n s i s t e d  o f  t h r e e
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b a s i c  s t e p s :  1 ) 2 0  grams o f  gum a r a b i c  we re  d i s s o l v e d  i n  b o i l i n g  w a t e r
and c o o l e d .  2 ) a p p r o x i m a t e l y  one pound o f  legume s e e d  and one package  
o f  a p p r o p r i a t e  Rhizobium we re  mixed i n  t h e  c o o l e d  a r a b i c .  3) t h e  
Rhizobium c o a t e d  s e e d s  we re  r o l l e d  i n  d o l o m i t i c  l i m e s t o n e .  The f i r s t  
p r e p a r a t i o n  r e s u l t e d  i n  s e v e r e  c lumping  and t h e  p r o c e d u r e  was r e p e a t e d  
a l l o w i n g  t h e  f r e e  m o i s t u r e  t o  be a b s o r b e d  b e f o r e  r o l l i n g  t h e  s e e d s  i n  
t h e  l i m e s t o n e ;  t h i s  p r o c e d u r a l  change  p r e v e n t e d  t h e  c lu m p in g .
The p l a n t s  were k e p t  on a g r e e n h o u s e  bench u n d e r  cool  w h i t e  
f l u o r s c e n t  l i g h t  w i t h  a 1 6 - h o u r  d a y l e n g t h  and w a t e r e d  a s  r e q u i r e d .
The e x p e r i m e n t a l  d e s i g n  was a random c o m p le t e  b l o c k  w i t h  f o u r  r e p l i c a ­
t i o n s .  The s t u d y  was h a r v e s t e d  i n  December 1977 and a n a l y z e d  f o r  
y i e l d ,  n o d u l e  number,  w e i g h t ,  and n i t r o g e n  f i x a t i o n  w i t h  t h e  p r o c e d u r e  
o u t l i n e d  i n  S tu dy  1.
S tu dy  3:  The Response  o f  A l f a l f a  t o  Lime and S u p e r p h o s p h a t e . F ive
r a t e s  o f  d o l o m i t i c  l i m e s t o n e  ( 0 ,  2 . 3 ,  4 . 6 ,  9 . 2 ,  and 1 8 .2  t / h a ) ,  h y d r a t e d  
l i m e s t o n e  ( 0 ,  1 . 2 ,  2 . 3 ,  4 . 6 ,  and 9 . 2  t / h a )  and t r i p l e  s u p e r p h o s p h a t e  
( 0 ,  0 . 1 6 ,  0 . 3 2 ,  0 . 6 2 ,  and 1 . 3 0  t / h a )  were  t h o r o u g h l y  mixed w i t h  a 
Paxton  s i l t  loam s o i l  (pH 5 . 6 )  on December 2 7 ,  1978.  The s o i l  was 
p l a c e d  i n t o  p l a s t i c - l i n e d  2 0 0  mm p l a s t i c  p o t s ,  s e e d e d  w i t h  i n o c u l a t e d  
I r o q u o i s  a l f a l f a  and p l a c e d  on a g r e e n h o u s e  ben c h .  S o i l  sam ples  were 
t a k e n  f o r  Al on J a n u a r y  3 and F e b r u a r y  1 ,  1979;  f o r  P on J a n u a r y  3 and
F eb ru a r y  28 ;  and f o r  pH on December 2 9 ,  1978,  J a n u a r y  3 ,  F e b r u a r y  1 ,
and March 4 ,  1979,  u s i n g  t h e  p r o c e d u r e  d i s c u s s e d  in  S tu dy  1 .  The 
e x p e r i m e n t a l  d e s i g n  was a random c o m p l e t e  b lo c k  w i t h  f i v e  r e p l i c a t i o n s .
In  May, t h e  p l a n t s  we re  removed from t h e  p o t s  and t h e  r o o t s  were  
s e p a r a t e d  from t h e  t o p s .  Nodules  were  c o u n t e d  and w e ig h e d .  The p l a n t
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t o p s  and r o o t s  w e re  oven d r i e d  a t  70 °C f o r  48 h o u r s ,  w e ig h e d ,  ground 
i n  a Wiley  Mi l l  t o  p a s s  a 40-mesh s c r e e n ,  a sh e d  a t  450 °C f o r  t h r e e  
h o u r s ,  and a n a l y z e d  f o r  Ca,  Mg, A l , Zn, and Fe w i t h  a to m ic  a b s o r p t i o n .  
Lanthanium c h l o r i d e  was ad ded f o r  Ca and Mg a n a l y s i s .  P l a n t  P was 
m easu red  w i t h  m o ly b d a te  y e l l o w  a c c o r d i n g  t o  Chapman and P r a t t  ( 1 9 6 1 ) .  
In  o r d e r  t o  have s u f f i c i e n t  m a t e r i a l  f o r  t i s s u e  a n a l y s i s ,  i t  was 
n e c e s s a r y  t o  combine t h e  f i v e  r e p l i c a t i o n s .
The d a t a  f o r  y i e l d  and n o d u l a t i o n  were  t r e a t e d  w i t h  a n a l y s i s  o f  
v a r i a n c e  and Duncan 's  New M u l t i p l e  Range T e s t .
The E f f e c t s  o f  Aluminum on A e r o p o n i c a l l y  Grown A l f a l f a  and Red C lo v e r
Hyd ro po nics  has  been used e x t e n s i v e l y  i n  t h e  s t u d y  o f  n u t r i e n t  
e f f e c t s  and i n t e r a c t i o n s  on legume growth ( L i e ,  1969 ;  Lone ragan and 
Dowling ,  1958;  Munns,  1965 a,  1965b,  1965c ,  1968,  1969 ,  1 9 7 0 ) .  The 
w a t e r  e n v i r o n m e n t  o f  t h e  h y d r o p o n i c  c u l t u r e  i s  u s u a l l y  n o t  a e r o b i c  
enough t o  a l l o w  n i t r o g e n  f i x a t i o n  s i n c e  t h e  w a t e r  n o d u le  s u r f a c e  
i n t e r a c t i o n  p r e v e n t s  a d e q u a t e  gas d i f f u s i o n  ( S p r e n t ,  1 9 7 6 ) .
Zobel e t  al_. (1976)  c o n s t r u c t e d  a s y s t em  i n  which t h e  p l a n t  r o o t s  
we re  m i s t e d  w i t h  n u t r i e n t  s o l u t i o n  p r o v i d i n g  a h i g h l y  a e r o b i c  e n v i r o n ­
ment  f o r  r o o t  h a i r  d e v e lo p m e n t ,  n o d u l a t i o n ,  and n i t r o g e n  f i x a t i o n .
T h i s  a e r o p o n i c  s y s t em  was employed t o  s t u d y  t h e  i n f l u e n c e  o f  Al on 
n o d u l a t i o n  and n i t r o g e n  f i x a t i o n  o f  a l f a l f a  and r e d  c l o v e r .
The m i s t  s y s t em  c o n s i s t e d  o f  boxes  (61 x 122 x 46 cm) c o n s t r u c t e d  
from 0 . 6 4  cm plywood and l i n e d  w i t h  a d o u b le  l a y e r  o f  4 mi l  p o l y ­
e t h y l e n e  s h e e t i n g .  A p l a s t i c  s p i n n e r  ( N o r t h e r n  E l e c t r i c  C o . ,  
Waynesboro,  M i s s i s s i p p i )  a t t a c h e d  t o  a sm al l  m o te r  ( 1 / 4 0  h p ,  115 v 
and 3905 rpm) v i a  a s t a i n l e s s  s t e e l  s h a f t  ( 1 . 3  cm i n  d i a m e t e r ,  30 cm
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i n  l e n g t h )  was t h e  m i s t i n g  mechanism.  The s p i n n e r  d i p p e d  i n t o  t h e  
n u t r i e n t  s o l u t i o n ,  a t o m i z e d  i t ,  and m i s t e d  t h e  p l a n t  r o o t s .  P l a s t i c  
g r a t i n g  ( 1 / 4 "  s q u a r e s )  u sed  i n  l i g h t  f i x t u r e s  was f i t t e d  o v e r  t h e  t o p  
o f  t h e  boxes  and c o v e r e d  w i t h  one l a y e r  o f  b l a c k  4 mil  p l a s t i c  s h e e t i n g  
and one l a y e r  o f  4 mi l c l e a r  p l a s t i c  s h e e t i n g .
S a r a n a c  a l f a l f a  and P e n n s c o t t  r e d  c l o v e r  were  i n o c u l a t e d  and 
s e e d e d  i n t o  s a n d .  Seven days  a f t e r  em e r g e n c e ,  n o d u l a t e d  legumes were 
t r a n s f e r r e d  t o  t h e  a e r o p o n i c  b o x e s .  Holes  were  c u t  i n  t h e  p l a s t i c  
s h e e t i n g  such t h a t  p l a n t s  were  5 cm a p a r t ;  p l a n t s  were  h e l d  i n  p l a c e  
w i t h  n o n - a b s o r b e n t  c o t t o n .  Each box c o n t a i n e d  40 l i t e r s  o f  n u t r i e n t  
s o l u t i o n  a d j u s t e d  t o  pH 5 . 0  ( T a b le  2 ) .  Root  d e b r i s  c a u s e d  t h e  s p i n n e r  
t o  c l o g ,  and a s t a i n l e s s  s t e e l  mesh s c r e e n  c a g e  was c o n s t r u c t e d  t o  s u r ­
round t h e  s p i n n e r ,  t h u s  c o r r e c t i n g  t h e  p ro b lem .  F o r t y - e i g h t  ho ur s  
a f t e r  t h e  p l a n t s  we re  i n t r o d u c e d  t o  t h e  b o x e s ,  t h e  n u t r i e n t  s o l u t i o n  
was changed  and f o u r  c o n d i t i o n s  we re  e s t a b l i s h e d :  0 ppm A l , 1 ppm
A l , 2 ppm A l , and 2 ppm Al + N (T a b le  2 ) .  N i t r o g e n  was added as  a 
c o n t r o l  t o  d e t e r m i n e  how i t s  a d d i t i o n  i n f l u e n c e d  Al t o x i c i t y .  The 
n u t r i e n t  s o l u t i o n  was changed  w e e k l y .  Four  boxes  we re  b u i l t  and a 
l a t i n  s q u a r e  (4  x 4) d e s i g n  was u s e d ,  w i t h  r e p l i c a t i o n s  o v e r  t i m e .
Each box c o n t a i n e d  40 p l a n t s ,  20 o f  each leg um e,  randomly  d i s t r i ­
b u t e d .  Every  week,  f o u r  p l a n t s  p e r  legume were  removed from ea ch  box 
and measurem en ts  were  t a k e n  f o r  y i e l d ,  n o d u le  number,  w e i g h t ,  and 
n i t r o g e n  f i x a t i o n .  The p l a n t  t o p s  we re  d r i e d  a t  70 oq f o r  48 h ours  
and w e ig h ed .  The n o d u l a t e d  r o o t s  were  p l a c e d  i n t o  200 ml v i a l s  (two 
p l a n t s / v i a l ) ,  s e a l e d  w i t h  a serum cap and C2 H2  g e n e r a t e d  from c a l c i u m  
c a r b i d e  was used  t o  r e p l a c e  20 ml o f  a i r  i n  t h e  v i a l s .  The v i a l s  were
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T a b l e  2 .  The n u t r i e n t  s o l u t i o n  u sed  f o r  t h e  a e r o p o n i c  c u l t u r e  o f
a l f a l f a  and r e d  c l o v e r .
S to c k +N -N
m l / I i  t e r
1 M Ca(N03 ) 2  . 4H20 5 -
1 M KNO3 5 -
1 M MgS04  . 7H20 2 2
1 M KH2 P04 1 1
S e q u e s t r e n e  Fe-330 1 1
1 M CaCl2 . 2H20 - 5
1 M KC1 - 5
M i c r o n u t r i e n t s * 1 1
1 M A12 (S04 ) 3  . 18H20 0 ,  0 . 0 2 ,  0 . 0 4
* M i c r o n u t r i e n t  s o l u t i o n  c o n t a i n e d  2 . 8 6  g H3 B0 3 , 1 .81 g MnCl2  . 4H2 0 ,
0 .11 g ZnCl2 , 0 . 0 5  g CuCl2  . 2H2 0 ,  0 . 0 2 4  g NaMo04  . 2 H20 and 0 . 0 0 5  g
C0 CI2  • 6 H2 O p e r  l i t e r .
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i n c u b a t e d  f o r  60 m i n u te s  i n  a w a t e r  b a t h  a t  28 °C f o l l o w i n g  which t h r e e  
1 ml gas  sam pl es  we re  t a k e n  from each v i a l  w i t h  1 ml t u b e r c u l i n  s y r i n g e s .  
The sam pl es  were  a n a l y z e d  f o r  Z f l z  a 9 a i n s t  1 ppm s t a n d a r d s  as  p r e ­
v i o u s l y  d e s c r i b e d .  Module number and w e i g h t  were  r e c o r d e d  f o r  each 
t r e a t m e n t  and t h e  d a t a  w i t h i n  ea ch  r e p l i c a t i o n  we re  combined.
In  f o u r  w eeks ,  a t  t h e  c o m p l e t i o n  o f  each r e p l i c a t i o n ,  t h e  boxes  
were  t h o r o u g h l y  c l e a n e d  and t h e  p l a s t i c  l i n i n g s  r e p l a c e d .  For each 
r e p l i c a t i o n ,  new legume s e e d l i n g s  were  u sed  so t h a t  p l a n t  age  would 
be c o n s i s t e n t  t h r o u g h o u t  t h e  e x p e r i m e n t .  The s t u d y  was c o n d u c te d  from 
J a n u a r y  t o  May 1978.
The E f f e c t  o f  F e r t i l i z e r  N i t r o g e n  on N i t r o g e n  F i x a t i o n  and N i t r a t e  
R e d u c t io n  i n  A l f a l f a
Munns (1 965c)  d e m o n s t r a t e d  t h a t  t h e  a d d i t i o n  o f  N e l i m i n a t e d  t h e  
l i m e  r e s p o n s e  i n  a l f a l f a  a t  low l e v e l s  o f  e x c h a n g e a b le  A l . T h i s  
e x p e r i m e n t  was c o n d u c te d  t o  d e t e r m i n e  t h e  e f f e c t s  o f  a p p l i e d  N on 
n i t r o g e n  f i x a t i o n ,  n o d u le  number and n i t r a t e  r e d u c t i o n  o f  a l f a l f a  
and r e d  c l o v e r  i n  a m o d e r a t e l y  a c i d  s o i l .
A C h a r l t o n  loam s o i l  whose che mic al  c h a r a c t e r i s t i c s  a r e  shown in  
T a b le  3 was mixed w i t h  an equa l  p a r t  s an d t o  g i v e  a s o i l  low i n  N. The 
s o i l  was f e r t i l i z e d  w i t h  600 kg 0 - 2 0 - 2 0 / h a  and 2 . 2  kg B/ha from S o l u b o r .  
N i t r o g e n  was added a t  60 kg N/ha as  NH4 NO3  when u s e d .  Al l  f e r t i l i z e r s  
were  mixed e v e n l y  w i t h  t h e  s o i l  b e f o r e  p o t t i n g .  S a r a n a c  a l f a l f a  and 
P e n n s c o t t  r e d  c l o v e r  were  i n o c u l a t e d  and se e d e d  i n t o  t h e  v a r i o u s  s o i l  
t r e a t m e n t s  i n  200 mm p l a s t i c  p o t s .  The p o t s  we re  k e p t  on a g r e e n h o u s e  
bench u n d e r  coo l  w h i t e  f l u o r e s c e n t  l i g h t s  a t  1 6 -h o u r  d a y l e n g t h .  The
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e x p e r i m e n t a l  d e s i g n  was a random c o m p le t e  b l o c k  w i t h  t h r e e  
r e p l i c a t i o n s .
T a b le  3. Chemical  a n a l y s i s  o f  t h e  C h a r l t o n  loam s o i l  u sed  i n  t h e
Greenho use  E xper im en t
pH Ca Mg K Al P NO3 1
Mon / I  00 n nnm
5 .6 3 .9 7  1 . 3 4  0 . 9 7
PHm
0 . 0 4  28 low
^ A n a l y s i s  done by A n a l y t i c a l  S e r v i c e s ,  P l a n t  S c i e n c e  Depa r tm en t  
u s i n g  t h e  Morgan S o i l  T e s t i n g  Sys tem.
Every week each t r e a t m e n t  w i t h  r e p l i c a t i o n s  was h a r v e s t e d  and t h e  
p l a n t s  m easu red  f o r  y i e l d ,  n o d u le  number ,  w e i g h t ,  and n i t r o g e n  f i x a t i o n  
as  p r e v i o u s l y  d e s c r i b e d .  N i t r a t e  r e d u c t a s e  a c t i v i t y  i n  a l f a l f a  and 
r e d  c l o v e r  was measu red w i t h  t h e  p r o c e d u r e  from N i c h o l a s  e t  al_. (1 9 7 0 ) .  
In t h i s  me thod ,  t h e  l e a v e s  a r e  removed from t h e  legumes and a c o r k  
b o r e r  i s  u sed  t o  punch o u t  a p p r o x i m a t e l y  200 mg o f  t i s s u e .  The t i s s u e  
i s  i n c u b a t e d  i n  10 ml o f  50 mM KNO3 , 100 mM K p h o s p h a t e  b u f f e r  (pH 7 . 5 )  
and 1 p e r c e n t  p ro p a n o l  ( v / v ) .  The t u b e s  c o n t a i n i n g  t h e  l e a f  t i s s u e  
and t h e  media a r e  p l a c e d  i n  a vacuum d e s i c c a t o r  and i n f i l t r a t e d  t w i c e  
( two m i n u te s  e a ch )  and t h e n  p l a c e d  i n  t h e  d a r k  i n  a s h a k i n g  w a t e r  b a t h  
a t  c o n s t a n t  t e m p e r a t u r e  (25 °C) f o r  60 m i n u t e s .  The NO2  t h a t  d i f f u s e s  
i n t o  t h e  media was a n a l y z e d  a c c o r d i n g  t o  H a rp e r  and Hageman ( 1 9 7 2 ) .  
P r e l i m i n a r y  e x p e r i m e n t s  i n d i c a t e d  t h a t  two m o d i f i c a t i o n s  o f  t h i s
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p r o c e d u r e  had t o  be made t o  o b t a i n  s a t i s f a c t o r y  r e s u l t s  f o r  a l f a l f a  and 
r e d  c l o v e r .  In  o r d e r  t o  g e t  s u f f i c i e n t  i n f i l t r a t i o n  o f  t h e  media  i n t o  
t h e  l e a f  d i s k s ,  s t a i n l e s s  s t e e l  mesh s q u a r e s  were  used  t o  keep t h e  
t i s s u e  below t h e  media  s u r f a c e  and t h e  i n f i l t r a t i o n  t i m e  u n d e r  vacuum 
was i n c r e a s e d  t o  f i v e  m i n u t e s .  With t h e s e  c h a n g e s ,  t h e  p r o c e d u r e  
worked q u i t e  w e l l .
The d a t a  we re  t r e a t e d  w i t h  a n a l y s i s  o f  v a r i a n c e  and Duncan 's  New 
M u l t i p l e  Range T e s t .
The I n f l u e n c e  o f  S o i l  Amendments and Rhizobium S t r a i n  on t h e  N o d u l a t i o n  
o f  A l f a l f a  and Red C lo v e r
These  two e x p e r i m e n t s  we re  co n d u c te d  t o  s t u d y  t h e  i n f l u e n c e  o f  
Rhizobium m e ! i 1o t i  s t r a i n  on t h e  growth o f  a l f a l f a  and t o  e v a l u a t e  t h e  
i n f l u e n c e  o f  l im e  and phosp h o ru s  on t h e  e f f e c t i v e n e s s  o f  Rhizobium t o  
n o d u l a t e  a l f a l f a  and r e d  c l o v e r .
S tu dy  1:  The I n t e r a c t i o n  o f  Rhizobium m e l i l o t i  S t r a i n ,  A l f a l f a
V a r i e t y  and S o i l  pH. A C h a r l t o n  loam s o i l  was a u t o c l a v e d  t o  remove 
n a t i v e  Rhizobium p o p u l a t i o n s ,  l imed  w i t h  d o l o m i t i c  l i m e s t o n e  a t  0 ,  6 . 9 ,  
and 1 3 .8  t / h a  and f e r t i l i z e d  w i t h  600 kg 0 - 2 0 - 2 0 / h a .  T h re e  v a r i e t i e s  
o f  a l f a l f a  were  u s ed  i n  t h e  e x p e r i m e n t :  S a r a n a c ,  a commercia l  v a r i e t y ;
NK7-5 r e c e i v e d  from N o r t h r u p  King C o . ,  M i n n e a p o l i s ,  M i n n e s o t a ;  and 
Arc A l - 1 4  r e c e i v e d  from Dr.  James H. E l g i n ,  J r . ,  P l a n t  G e n e t i c s  and 
Germplasm I n s t i t u t e ,  B e l t s v i l l e  R es ea rch  C e n t e r ,  B e l t s v i l l e ,  Mar y la nd .  
The s e e d s  we re  s u r f a c e  s t e r i l i z e d  by immers ion  i n  1 p e r c e n t  HgCl2  f o r  
2 0  m i n u t e s ,  f o l l o w e d  by f o u r  t e n - m i n u t e  washes i n  s t e r i l e  d i s t i l l e d  
w a t e r .  The s e e d s  were  p l a n t e d  d i r e c t l y  o r  i n o c u l a t e d  w i t h  one o f  
s ev e n  s t r a i n s  o f  Rhizobium m e l i l o t i .  The s t r a i n s  were  r e c e i v e d  from
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N i t r a g i n  C o . ,  Mi lwaukee ,  W i s c o n s i n ,  i n  1978 and were  d e s i g n a t e d  102F51, 
102F52,  102F66,  102F70, 102F73, 102F77,  and 102F82.  The s t r a i n s  were  
r e c e i v e d  on a g a r  s l a n t s ,  t r a n s f e r r e d  t o  y e a s t  m a n n i t o l  b r o t h ,  and 
s t o r e d  a t  4 oc  u n t i l  u s e d .  The s t e r i l i z e d  s e e d s  w e re  i n o c u l a t e d  by 
s o a k i n g  f o r  20 t o  30 m i n u te s  i n  f l a s k s  c o n t a i n i n g  a s i n g l e  R.. m e l i l o t i  
s t r a i n  i n  y e a s t  b r o t h  m e d i a .  The c o n t r o l  was an a p p l i c a t i o n  o f  120 kg 
N/ha a p p l i e d  as  NH4 NO3  a t  s e e d i n g .  The p l a n t s  we re  s e e d e d  i n t o  102 mm 
p l a s t i c  p o t s ,  t h i n n e d  t o  f i v e  p l a n t s  p e r  p o t  a f t e r  em e r g e n c e ,  and k e p t  
u n d e r  cool  w h i t e  f l u o r e s c e n t  l i g h t s  s e t  a t  1 6 - h o u r  d a y l e n g t h  on a 
g r e e n h o u s e  be nch .  The e x p e r i m e n t a l  d e s i g n  was a random c o m p le t e  b l o c k  
w i t h  f i v e  r e p l i c a t i o n s .
A f t e r  e i g h t  w eek s ,  t h e  p l a n t s  were  h a r v e s t e d  f o r  y i e l d ,  n i t r o g e n  
f i x a t i o n ,  and n o d u le  number as  i n  G re en house  E x p er im en t  S tu d y  1 con­
c e r n i n g  t h e  i n f l u e n c e  o f  l i m e  on s o i l  a c i d i t y  and legume g r o w t h . .
S tudy  2:  The I n f l u e n c e  o f  A p p l i e d  Lime and P ho sph orus  and t h e
P r e s e n c e  o f  t h e  H os t  P l a n t  on t h e  E f f e c t i v e n e s s  o f  Rhizobium i n  t h e  
N o d u l a t i o n  o f  A l f a l f a  and Red C l o v e r . The s o i l  was c o l l e c t e d  from two 
f i e l d  e x p e r i m e n t s  d i s c u s s e d  l a t e r  i n  M a t e r i a l s  and Methods .  At  t h e  
Harmony Farm s i t e ,  s o i l  was c o l l e c t e d  from t h e  t h r e e  s e e d i n g  d a t e s  
a t  4 . 6  and 1 3 .8  t / h a  d o l o m i t i c  l i m e s t o n e .  At  t h e  D e m e r i t  Farm s i t e ,  
s o i l  was c o l l e c t e d  from t h e  un l imed  p l o t s ,  2 . 3  t / h a  h y d r a t e d  l i m e  and 
1 3 . 8  t / h a  d o l o m i t i c  l im e  p l o t s  which r e c e i v e d  t h r e e  r a t e s  o f  b r o a d c a s t  
P: 0 kg P2 0 5 / h a ;  220 kg P2 C>5 / h a ;  and 440 kg P2 0 5 / h a .
At  bo th  s i t e s ,  t h e  t o p  10 cm o f  t h e  s o i l  p r o f i l e  was c o l l e c t e d ,  
t r a n s p o r t e d  i n  p l a s t i c  b a g s ,  s c r e e n e d  i n  t h e  g r e e n h o u s e ,  and p l a c e d  
i n t o  102 mm p l a s t i c  p o t s .  I r o q u o i s  a l f a l f a  and P e n n s c o t t  r e d  c l o v e r  s e e d
were  i n o c u l a t e d  and p l a c e d  i n t o  t h e i r  r e s p e c t i v e  s o i l ;  u n i n o c u l a t e d  
ch eck s  w e re  a l s o  u s e d .  A f t e r  em e r g e n c e ,  t h e  p l a n t s  were  t h i n n e d  t o  
f i v e  p e r  p o t  and w a t e r e d  as  r e q u i r e d .  The e x p e r i m e n t a l  d e s i g n  was a 
random co m p l e t e  b l o c k  w i t h  f i v e  r e p l i c a t i o n s .
The i n f l u e n c e  o f  a p p l i e d  l im e  and P was a s s o c i a t e d  by e v a l u a t i n g  
t h e  n o d u l e s  o f  t h r e e  p l a n t s  p e r  p o t  f o r  c o l o r ,  p o s i t i o n ,  number and 
s i z e  u s i n g  a s c o r i n g  s y s t e m  d e v i s e d  by R ic e  e t  a l . ( 1 9 7 7 ) .  In  t h e  
sy s t e m  u sed  by R ice  e t  a l . ,  a l f a l f a  and r e d  c l o v e r  we re  e v a l u a t e d  
u s i n g  t h e  same r a n g e s  f o r  t h e  f o u r  f a c t o r s .  F i e l d  and g r e e n h o u s e  
o b s e r v a t i o n s  have shown t h a t  r e d  c l o v e r  g e n e r a l l y  had more n o d u le s  
p e r  p l a n t  t h a n  a l f a l f a  so  i n  t h i s  e x p e r i m e n t ,  t h e  r a n g e s  f o r  n o d u le  
number we re  d i f f e r e n t  f o r  t h e  two legumes ( T a b le  4 ) .
S c an n in g  e l e c t r o n  m i c r o s c o p y  was u sed  t o  examine t h e  n o d u le s  
t a k e n  f o r  a l f a l f a  and r e d  c l o v e r  grown i n  t h e  s o i l  c o l l e c t e d  from t h e  
Harmony Farm. Nodules  were  s e l e c t e d  from bo th  l im e  r a t e s  a t  t h e  May 
1978 and 1979 s e e d i n g  d a t e s  and we re  r e p r e s e n t a t i v e  o f  t h e  n o d u l a t i o n  
p a t t e r n  o f  t h e  p l a n t .  The p r o c e d u r e  u sed  t o  p r e p a r e  n o d u l e s  f o r  
s c a n n i n g  e l e c t r o n  m i c ro s c o p y  i s  a s  f o l l o w s :
1.  50 m i n u te s  i n  3 . 0  p e r c e n t  g l u t a r a l d e h y d e  i n  0 .1  M 
p h o s p h a t e  b u f f e r ,  pH 7 . 5 .
2 .  30 m i n u te s  i n  1 p e r c e n t  OSO4  i n  0 .1  M p h o s p h a t e  
b u f f e r ,  pH 7 . 5 .
3 .  15 m i n u te s  i n  0 .1  M p h o s p h a t e ,  pH 7 . 5 .
4 .  r e p e a t  p r o c e d u r e  3.
5 .  a l c o h o l  d e h y d r a t i o n  s e r i e s  -  15 m i n u te s  i n  each 
o f  t h e  f o l l o w i n g :  70 p e r c e n t ,  75 p e r c e n t ,  80 
p e r c e n t ,  85 p e r c e n t ,  90 p e r c e n t ,  95 p e r c e n t ,  99 
p e r c e n t ,  and 1 0 0  p e r c e n t  ( t w i c e ) .
6 . c r i t i c a l  p o i n t  d r y  -  15 t o  20 m i n u te s  t o  e x h a u s t .
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T a b l e  4 .  The s c o r i n g  s y s t em  used  t o  e v a l u a t e  n o d u l e s .
F a c t o r Code A l f a l f a Red C lo v e r
C o lo r 4 80 -  1 0 0 % p ink same
3 60 -  79
2 40 -  59
1 20 -  39
0 0 - 1 9
Number 5 > 2 0 / p l a n t > 4 0 / p l a n t
4 1 5 - 2 0  " 20 -  40 "
3 10 -  14 " 10 -  19 "
2 5 -  9 " 5 - 9  "
1 1 -  4 " 1 - 4  "
0 0  -  1 " 0 - 1
P o s i t i o n 4 80 -  1 0 0  crown same
3 60 -  79 "
2 40 -  59 "
1 20 -  39 "
0 0 - 1 9  "
S i z e 3 > 4 mm same
2 2 -  4 "
1 1 -  2  "
0 0 - 1  "
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The n o d u l e s  were  mounted on aluminum s t u b s  w i t h  d o u b l e - s i d e d  t a p e  
and we re  c o a t e d  w i t h  g o l d - p a l l a d i u m  ( 6 0 / 4 0 )  on a s p u t t e r  c o a t e r .  The 
n o d u l e s  we re  sca n n ed  w i t h  an AMB-1000 S can n in g  E l e c t r o n  M ic ro s c o p e .
The I n f l u e n c e  o f  Aluminum on t h e  M o b i l i t y  o f  P h o s p h o ru s -3 2  i n  Red C lo v e r  
and A l f a l f a
S in c e  Al h i n d e r s  P a v a i l a b i l i t y  i n  a c i d i c  s o i l s ,  t o l e r a n c e  t o  
low pH i s  known t o  i n c l u d e  t h e  a b i l i t y  t o  u t i l i z e  P i n  t h e  p r e s e n c e  o f  
Al (Foy e t  a l_ . , 1 9 7 8 ) .  T h i s  e x p e r i m e n t  was co n d u c te d  t o  e v a l u a t e  t h e  
i n f l u e n c e  o f  Al on t h e  m o b i l i t y  o f  P i n  a l f a l f a  and r e d  c l o v e r  i n  t h e  
p r e s e n c e  o f  A l . E l e c t r o n  d i s p e r s i o n  a n a l y s i s  v i a  X-ray  (EDAX) and 32p 
we re  used  t o  e v a l u a t e  t h e  movement o f  P i n  t h e  l egum es .
S a r a n a c  a l f a l f a  and P e n n s c o t t  r e d  c l o v e r  were  i n o c u l a t e d  and 
s e e d e d  i n t o  a c i d  washed g r a v e l  i n  J a n u a r y  1979.  Two weeks a f t e r  
e m er g en ce ,  t h e  p l a n t s  we re  t r a n s f e r r e d  t o  a h y d ro p o n i c  s y s t e m  con­
s i s t i n g  o f  500 ml Mason j a r s  wrapped i n  aluminum f o i l  and p l a c e d  on 
g l y c i n e  t r a y s  i n  t h e  g r e e n h o u s e  u n d e r  cool  w h i t e  f l u o r e s c e n t  l i g h t s  
a t  1 6 - h o u r  d a y l e n g t h .  L i g h t i n g  g r a t e s  we re  l a i d  o v e r  t h e  j a r s ,  and t h e  
p l a n t s  were  h e l d  i n  p l a c e  by n o n - a b s o r b e n t  c o t t o n .  Each j a r  was 
a e r a t e d  and f i l l e d  w i t h  490 ml o f  t h e  n u t r i e n t  s o l u t i o n  d e s c r i b e d  in  
T a b l e  5.
A f t e r  f i v e  days  i n  t h i s  n u t r i e n t  s o l u t i o n ,  Al was used  as  
A l 3 (S0 4 ) 3  . I 6  H2 O a t  0 ,  100 ,  and 200 uM Al w i t h  t h e  s o l u t i o n  pH 
a d j u s t e d  t o  pH 5 . 0 .  A f t e r  24 h o u r s ,  t h e  s o l u t i o n  was changed  and 
n o d u le s  were  c o l l e c t e d  f o r  EDAX. The new s o l u t i o n s  were s p i k e d  u s i n g  
H3 ^ P 0 4  a t  10 uc ^ ^ P / l i t e r .  A f t e r  48 h o u r s ,  t h e  p l a n t s  w e re  removed
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T a b l e  5.  The n u t r i e n t  s o l u t i o n  u sed  t o  grow a l f a l f a  and r e d  c l o v e r  i n  
h y d r o p o n i c  c u l t u r e .
S to c k m l / I  i t e r
1 M CaClp . 2H 0 
c  2
5
1 M KC1 5
1 M MgS04  . 7H20 2
1 M KH2 P04 1
S e q u e s t r e n e  Fe-330 1
M i c r o n u t r i e n t s * 1
1 M A12 (S 0 4 ) 3  . T6  H20 0 ,  0 . 0 4 ,  0 . 0 8
* The r e c i p e  f o r  t h e  m i c r o n u t r i e n t s  i s  shown i n  T a b le  2 .
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and t h e  r o o t s  washed i n  c o l d  P (1 M K2 HPO4 ) .  The p l a n t s  were  t h e n  
c a r e f u l l y  wrapped i n  s a r a n  wrap and s t o r e d  i n  t h e  d a r k  on i c e .
W i th in  30 m i n u t e s ,  t h e  wrapped p l a n t s  we re  p l a c e d  i n  f i l m  c a s s e t t e s  
w i t h  X-ray  f i l m  (Kodak,  N o - s c r e e n  F i lm ,  NS-5T) .  The f i l m  was d ev e lo p e d  
w i t h i n  24 t o  30 hou rs  w i t h  t h e  p r o c e d u r e  d e s c r i b e d  below:
1.  D e v e lo p e r  (Kodak D -  19) f i v e  t o  s i x  m i n u te s  w i t h  
c o n t i n u o u s  s h a k i n g .
2.  S top  b a t h ,  2 p e r c e n t  a c e t i c  a c i d ,  30 s ec o n d s  w i t h  
c o n t i n u o u s  s h a k i n g .
3. F i x e r  (Kodak Genera l  H a rd en ing  F i x e r )
a .  d i r e c t l y  a f t e r  s t o p  b a t h ,  f o u r  m i n u t e s .
b.  s econd  f i x ,  t e n  m i n u t e s .
4 .  Wash w i t h  c o l d  r u n n i n g  w a t e r  f o r  30 m i n u t e s .
5.  P h o t o f l o  (Kodak 200 P h o t o f l o )  b r i e f l y .
6 . Hang t o  d r y .
The e x p e r i m e n t a l  d e s i g n  was a random c o m p le t e  b lo c k  w i t h  t h r e e  
r e p l i c a t i o n s .
The n o d u le s  c o l l e c t e d  b e f o r e  t h e  a d d i t i o n  o f  ^2p we re  washed 
t h o r o u g h l y  i n  d i s t i l l e d  w a t e r .  The spec im ens  we re  c a r e f u l l y  s l i c e d  
i n  h a l f  l o n g i t u d i n a l l y  w i t h  a s t a i n l e s s  s t e e l  r a z o r  b l a d e  (one  b l a d e  
p e r  n o d u le )  and f r e e z e  d r i e d  w i t h  a V i r t i s  U n i t r a p  I I  a t  - 5 0  °C and 
30 m ic ro ns  vacuum f o r  72 h o u r s .  The d r i e d  n o d u le s  w e re  mounted on 
ca rb o n  s t u b s  w i t h  ca r b o n  p a i n t ,  c o a t e d  w i t h  ca rb o n  and sca n n ed  f o r  
A1 and P a g a i n s t  a p p r o p r i a t e  s t a n d a r d s .  The EDAX package on t h e  
AMR-1000 S can n in g  E l e c t r o n  M ic ro s c o p e  i s  eq u ip p e d  w i t h  a ZAF c o r r e c ­
t i o n  which compares spec im ens  t o  s t a n d a r d s  and c o r r e c t s  f o r  a to m ic  
number ( Z ) ,  a b s o r p t i o n  (A ) ,  and f l u o r e s c e n c e  ( F ) .
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L a b o r a t o r y  I n v e s t i g a t i o n
The E f f e c t s  o f  Aluminum and pH on t h e  Growth o f  Rhizobium m e ! i l o t i  i n  
C u l t u r e
The e f f e c t s  o f  a c i d i t y  on Rhizobium i s  w e l l  documented ( V i n c e n t ,  
1 9 7 7 ) ,  b u t  t h e  i n t e r a c t i o n s  o f  A1 w i th  pH on t h e  growth o f  t h e s e  b a c ­
t e r i a  i s  n o t  known. Thi s  e x p e r i m e n t  was c o n d u c te d  t o  examine t h e  
i n f l u e n c e  o f  A1 and pH on t h e  growth o f  JR. m e ! i l o t i  i n  c u l t u r e .
T h r e e  o f  t h e  sev en s t r a i n s  u sed  in  t h e  p r e v i o u s  g r e e n h o u s e  
e x p e r i m e n t  (p a g e  2 8 ) ,  S tu dy  1 ,  were  u sed  i n  t h i s  e x p e r i m e n t :  102F51,
102F70,  and 102F82. The e x p e r i m e n t a l  media  c o n t a i n e d  ( p e r  l i t e r ) :  
s u c r o s e ,  10 g ;  N a - g l u t a m a t e ,  1.1 g ;  MgS0 4  . 7 H2 0 , 250 mg; CaCl2  . 2 H2 O, 
150 mg; KN03 , 100 mg; H3 BO3 , 30 mg; ZnSO^ . 7H2 0 ,  20 mg; NaMo0 4  . 2H2 0 ,  
0 . 2 5  mg; CuSO^ . 5 H2 O, 0 . 0 4  mg; CoCl2  • 6 H2 O, 0 .025  mg; c h e l a t e d  
F e -3 3 0 ,  28 mg; t h i a m i n e - H C l , 10 mg; and b i o t i n ,  1 . 0  mg.
Munns (1965b)  d e m o n s t r a t e d  t h a t  A1 and P i n  s o l u t i o n  formed 
g e l a t i n o u s ,  c o l o r l e s s  c o l l o i d a l  compounds i f  t h e  pH and t h e  co n c en ­
t r a t i o n  o f  t h e  two e l e m e n ts  was n o t  c a r e f u l l y  c o n t r o l l e d .  Munns 
i n d i c a t e d  t h a t  A1 l e v e l s  c o u l d  r e a c h  100 uM i f  t h e  P l e v e l s  d i d  n o t  
ex ceed  10 uM a t  pH 4 . 8 .  P r e l i m i n a r y  r e s e a r c h  f o r  t h i s  e x p e r i m e n t  had 
shown t h a t  A1 l e v e l s  o f  40 uM c o u l d  be used i n  s o l u t i o n  a t  100 uM P 
a t  5 . 0 ,  5 . 5 ,  and 6 . 0  w i t h o u t  t h e  f o r m a t i o n  o f  p r e c i p i t a t e s  i n  a 24- 
hour  p e r i o d .
The b a s a l  media (minus  F e ) , P as KH2 P0^ and A1 as  A1Cl3  were  
a u t o c l a v e d  s e p a r a t e l y  f o r  30 m i n u t e s .  The c h e l a t e d  Fe-330 was f i l t e r  
s t e r i l i z e d  w i t h  a M i l l i p o r e  a p p a r a t u s  t h r o u g h  a 0 .3 0  m icron  f i l t e r  
and added a f t e r  t h e  media was a u t o c l a v e d  a l o n g  w i t h  t h e  A1 and P.
The s o l u t i o n  pH was a d j u s t e d  a t  t h i s  t i m e  w i t h  s t e r i l e  0 .1  N NaOH.
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P r o t e i n  l e v e l s  we re  u sed  i n  t h i s  e x p e r i m e n t  as  an i n d i c a t i o n  o f  
growth  u s i n g  t h e  L o w r y -F o l in  a s s a y  (Lowry e t  a l ^ . , 1 9 5 1 ) .  I t  was 
n e c e s s a r y  t o  e v a l u a t e  i f  A1 had any e f f e c t  on t h i s  a s s a y  s i n c e  r e s e a r c h  
has  shown t h a t  s e v e r a l  m a t e r i a l s  i n t e r f e r e  i n  t h e  f o r m a t i o n  o f  t h e  
c o l o r  complex ( B r a d f o r d ,  1976;  G o r n a l l  e t  a l_ . , 1 9 4 9 ) .  A s e r i e s  o f  
p r o t e i n  s t a n d a r d s  we re  p r e p a r e d  a t  0 ,  4 0 ,  and 400 uM A1 and a s s a y e d  
w i t h  t h e  L o w r y -Fo l in  p r o c e d u r e  ( T a b le  6 ) .  The d a t a  i n d i c a t e d  t h a t  
t h e  l e v e l  o f  A1 u sed  i n  t h i s  e x p e r i m e n t  d i d  n o t  i n h i b i t  t h e  a s s a y .
The p r e p a r e d  media  was d i s p e r s e d  i n t o  s t e r i l i z e d  125 ml E r l en m e y e r  
f l a s k s  and i n o c u l a t e d  w i t h  t h e  a p p r o p r i a t e  Rhizobium s t r a i n .  The 
b a c t e r i a  were  t a k e n  from t h e  a g a r  s l a n t s  and d i l u t e d  w i t h  media  t o  
g i v e  an i n i t i a l  p r o t e i n  c o n c e n t r a t i o n  o f  2 t o  3 u g / m l . The f l a s k s  
were  p lu g g e d  w i t h  s t e r i l e  c o t t o n ,  c o v e r e d  w i t h  s m a l l  b e a k e r s  and 
p l a c e d  i n  a s h a k i n g  w a t e r  b a t h  a t  25 °C f o r  24 h o u r s .  Every  f o u r  
h our s  sam ples  were  t a k e n  f o r  p r o t e i n  a n a l y s i s  w i t h  s t e r i l e  p i p e t t e s .  
Each s t r a i n  was ru n  s e p a r a t e l y ,  and t h e  e x p e r i m e n t a l  d e s i g n  was a 
s p l i t  p l o t  w i t h  t h r e e  r e p l i c a t i o n s .
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T a b l e  6 . The i n f l u e n c e  o f  aluminum on t h e  Lo w ry -Fo l in  p r o t e i n  a s s a y .
P r o t e i n  l e v e l s  Aluminun l e v e l s
mg/ml 0 uM 40 uM 400 uM
% t r a n s m i s s i o n
2 0 93 90 95
40 80 80 83
80 74 72 72
1 2 0 62 63 65
160 53 54 58
2 0 0 44 45 38
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F i e l d  I n v e s t i g a t i o n s
The I n f l u e n c e  o f  Lime and Phosphorus  on t h e  Growth o f  A l f a l f a  and Red 
C l o v e r  i n  A c i d i c  S o i l s
Two f i e l d  e x p e r i m e n t s  were  e s t a b l i s h e d  w i t h  minimum t i l l a g e  t o  
examine t h e  i n f l u e n c e  o f  banded and b r o a d c a s t  l i m e s t o n e  and P on t h e  
n o d u l a t i o n ,  c o m p o s i t i o n ,  and y i e l d  o f  a l f a l f a  and r e d  c l o v e r  i n  a c i d i c  
s o i l s .
S tu d y  1: The I n f l u e n c e  o f  S eed in g  D a te ,  Banded and B r o a d c a s t
D o l o m i t i c  L im es tone  on t h e  Growth o f  A l f a l f a  and Red C l o v e r . The 
e x p e r i m e n t  was e s t a b l i s h e d  on Harmony H i l l  Farm, P i t t s f i e l d ,  New 
H amps h ire .  The e x p e r i m e n t a l  s i t e  was an o l d  p a s t u r e  b e i n g  used f o r  
g r a z i n g ;  t h e  s o i l  t y p e  was a Pax ton  s i l t  loam.  The pH on t h e  0 t o  10 
cm d ep th  o f  t h e  s o i l  p r o f i l e  was 5 . 0 ,  A1 s a t u r a t i o n  exceeded  20 p e r c e n t ,  
and t h e  l e v e l s  o f  a v a i l a b l e  P a v e r a g e d  7 ppm. The s i t e  was s e l e c t e d ,  
s t a k e d ,  and sampled i n  August  1976.
The e x p e r i m e n t a l  d e s i g n  was a s p l i t  b lo ck  w i t h  random iz ed  s u b p l o t s  
and f o u r  r e p l i c a t i o n s .  B r o a d c a s t  l ime was a p p l i e d  a c r o s s  t h e  r e p l i c a ­
t i o n s  i n  one d i r e c t i o n  and s e e d i n g  d a t e  a t  r i g h t  a n g l e  t o  t h e  l i m e .  
Banded l im e  was r a nd om iz ed  w i t h i n  each t r e a t m e n t .  T h ree  s e e d i n g  d a t e s  
were  u s e d :  May 1978,  A ugu s t  1978,  and May 1979.
The e x p e r i m e n t  was o r i g i n a l l y  d e s i g n e d  t o  e v a l u a t e  t h e  i n f l u e n c e  
o f  l im e  p e l l e t i n g  on t h e  e s t a b l i s h m e n t  o f  a l f a l f a  and r e d  c l o v e r  i n t o  
a c i d i c  s o i l s .  B r o a d c a s t  d o l o m i t i c  l i m e s t o n e  was a p p l i e d  t o  t h e  e n t i r e  
e x p e r i m e n t  on May 1 0 ,  1977 ,  a t  4 . 6 ,  9 . 2 ,  and 1 3 . 8  t / h a .  The p l o t s  
were  s p r a y e d  w i t h  P a r a q u a t  ( 1 , 1 ' - d i m e t h y l - 4 , 4 ' - b i p y r i d i n i u m  i o n ,  as  
d i c h l o r i d e  s a l t s )  a t  0 . 5 6  k g /h a  on Augus t  1 0 ,  1977.  Lime p e l l e t e d
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I r o q u o i s  a l f a l f a  and P e n n s c o t t  r e d  c l o v e r  were  s e e d e d  u s i n g  t h e  Zip  
s e e d e r  (Mid lan d M f g . ,  M i s s i s s i p p i )  which i s  a s i n g l e  d i s k  c u t t e r  p r o ­
d u c in g  s i x  n i n e - i n c h  rows .  The p l o t s  we re  f e r t i l i z e d  w i t h  825 kg 
0 - 2 0 - 2 0 / h a  on t h e  day o f  s e e d i n g .  The l i m e  p e l l e t i n g  p r o c e d u r e  was 
o u t l i n e d  p r e v i o u s l y  on page 2 2 .
In  O c to b e r  19 77 ,  t h e  n a t i v e  g r a s s e s  we re  growing back and s u p ­
p r e s s i n g  t h e  l eg u m es .  Pronamide ( N - ( l , 1 - d i m e t h y l p r o p y n l ) - 3 , 5 -  
d i c h l o r o b e n z a m i d e )  was a p p l i e d  i n  November a t  t h e  r a t e  o f  3 . 3  kg /h a  
t o  c o n t r o l  t h e  g r a s s e s .
In  e a r l y  May 197 8,  t h e  a l f a l f a  s e e d i n g  was p o o r ;  t h e  p l a n t s  were 
s t u n t e d ,  showed s i g n s  o f  s e v e r e  P d e f i c i e n c y  and t h e  u p p e r  l e a v e s  
were  y e l l o w i n g .  Even though t h e  p l a n t s  were  w e l l  n o d u l a t e d  where  
p e l l e t i n g  was u s e d ,  t h e  p l a n t  growth was r e s t r i c t e d  by t h e  a c i d i c  con­
d i t i o n s  a n d / o r  g r a s s  c o m p e t i t i o n .  The p l o t s  were  s p r a y e d  w i t h  g l y p h o s -  
a t e  ( N - ( p h o s p h o - n o m e t h y l ) g l y c i n e )  a t  2 . 2 4  k g /h a  on May 22.  On 
May 2 5 ,  t h e  p l o t s  were  r e s e e d e d  w i t h  a l f a l f a  and r e d  c l o v e r  u s i n g  
t h e  Zip  s e e d e r  and d o l o m o t i c  l i m e s t o n e  was p l a c e d  i n  t h e  f e r t i l i z e r  
box on t h e  s e e d e r  and banded w i t h  s e e d  a t  990 kg /h a  ( F i g u r e  1 ) .  In 
J u n e ,  c a r b o f u r a n  ( 2 , 3  d i h y d r o ( 2 , 2  d i m e t h y l - 7 - b e n z o f u r a n y l ) m e t h y l -  
c a rb a m a t e )  was a p p l i e d  as  a g e n e r a l  p r o t e c t o r  a g a i n s t  i n s e c t s  a t  0 . 7  
k g / h a .  On A ugu s t  8 , g l y p h o s a t e  was a p p l i e d  a t  2 . 2 4  k g /h a  f o r  t h e  
s econd  s e e d i n g .  A l f a l f a  and r e d  c l o v e r  were  s e e d e d  a l o n g  w i t h  banded 
d o l o m i t i c  l i m e s t o n e  (990 k g / h a )  on August  11; a l l  p l o t s  were  b r o a d ­
c a s t  f e r t i l i z e d  w i t h  825 kg 0 - 2 0 - 2 0 / h a  i m m e d ia t e l y  b e f o r e  s e e d i n g .
The f i r s t  h a r v e s t  was t a k e n  on August  27 w i t h  t h e  C a r t e r  h a r v e s t e r  
( C a r t e r  Mfg. C o . ,  L a f a y e t t e ,  I n d i a n a ) .  The p e r c e n t  legume was 
e s t i m a t e d  f o r  each p l o t  by f o u r  s e p a r a t e  o b s e r v e r s  on t h e  b a s i s  o f
F i g u r e  1 .  A p p l i c a t i o n s  o f  t h e  banded d o l o m i t i c  l i m e s t o n e  a d j a c e n t  
t o  s ee d  p l a n t e d  w i t h  t h e  Z ip  s e e d e r .
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dry  w e i g h t .  Samples f o r  d r y  m a t t e r  d e t e r m i n a t i o n  and t i s s u e  a n a l y s i s  
were  t a k e n  a f t e r  t h e  h a r v e s t  a lo n g  t h e  edges  o f  t h e  p l o t s .  The samples  
had t o  be hand c o l l e c t e d  b ec au s e  t h e  h a r v e s t e r  d u s t s  t h e  chopped legume 
w i t h  s o i l  i n v a l i d a t i n g  any t i s s u e  a n a l y s i s  f o r  A1. Al l  h a r v e s t e d  p l o t s  
were  m easur ed  f o r  l e n g t h  t o  a c c u r a t e l y  d e t e r m i n e  h a r v e s t e d  a r e a .  Al l  
s e e d e d  p l o t s  were  b r o a d c a s t  f e r t i l i z e d  on Augu s t  30 w i t h  550 kg 
0 - 1 0 - 3 0 - 4 / h a .
On May 5 ,  1979,  g l y p h o s a t e  was a p p l i e d  a t  2 . 2 4  k g /h a  f o r  t h e  l a s t  
s e e d i n g ;  and on May 8 , a l f a l f a  and r e d  c l o v e r  were  sown w i t h  banded 
l im e  and t h e  p l o t s  f e r t i l i z e d  as p r e v i o u s l y  d e s c r i b e d .
The f i r s t  h a r v e s t  o f  1979 was t a k e n  w i t h  t h e  C a r t e r  h a r v e s t e r  on 
June  10 f o r  t h e  May and Augu s t  1978 s e e d i n g s .  Samples  f o r  d ry  m a t t e r  
d e t e r m i n a t i o n  we re  c o l l e c t e d  from t h e  chopped l egum e ,  and t h e  p l o t s  
were  measu red f o r  l e n g t h .  The s e c o n d  h a r v e s t  ( J u l y  30) and t h e  
t h i r d  h a r v e s t  ( O c t o b e r  23) were  t a k e n  f o r  a l l  t h r e e  s e e d i n g s .
Samples  f o r  d r y  m a t t e r  and t i s s u e  a n a l y s i s  we re  hand c o l l e c t e d  from 
t h e  seco n d  h a r v e s t .
In  J u l y  1979,  whole  p l a n t s  ( f i v e / t r e a t m e n t )  we re  dug up w i t h  a 
s o i l  b a l l  i n t a c t  from a l l  t h r e e  s e e d i n g  d a t e s  a t  4 . 6  and 1 3 . 8  t / h a  
l i m e ,  p l a c e d  i n  p l a s t i c  b a g s ,  and t r a n s p o r t e d  t o  t h e  g r e e n h o u s e .  The 
s o i l  was c a r e f u l l y  d i s p l a c e d  w i t h  w a t e r  from t h e  r o o t s ,  and t h e  
n o d u le s  were  removed,  c o u n t e d ,  and we ig hed .
S o i l  samples  we re  c o l l e c t e d  on s i x  d a t e s :  May and Sep tem ber  1977,
1978,  and 1979.  Samples were  t a k e n  a t  0 - 2 ,  2 - 5 ,  5 - 1 0 ,  and 10-20 cm 
i n t o  t h e  s o i l  p r o f i l e  and a n a l y z e d  f o r  pH, Ca,  Mg, K, A1, and P. S o i l  
pH was measured in  a 1:1 w a t e r - s o i l  s l u r r y  w i t h  an Orio n  D i g i t a l  pH
42
M e t e r .  The Ca,  Mg, and K were  e x t r a c t e d  w i t h  1 N NH^OAC pH 7 . 0  and 
m easu red  by a t o m i c  a b s o r p t i o n  o r  f l am e  e m i s s i o n .  E x c h a n g eab le  A1 was 
e x t r a c t e d  w i t h  1 N KC1 and measu red  w i t h  a to m ic  a b s o r p t i o n .  A v a i l ­
a b l e  P was e x t r a c t e d  u s i n g  Bray #1 s o l u t i o n  and d e t e r m i n e d  a c c o r d i n g  
t o  t h e  method o f  O lsen  and Dean ( 1 9 6 9 ) .
S tu dy  2:  The I n f l u e n c e  o f  B r o a d c a s t  L im es to n e  and B r o a d c a s t
Phospho rus  and Banded Phospho rus  on t h e  Growth o f  A l f a l f a  and Red C l o v e r . 
The U n i v e r s i t y  o f  New Hampshire  D em e r i t  L i v e s t o c k  Farm, L ee ,  New H am psh i re ,  
was t h e  s i t e  s e l e c t e d  t o  s t u d y  t h e  i n f l u e n c e  o f  b r o a d c a s t  d o l o m i t i c  and 
h y d r a t e d  l i m e s t o n e  i n  c o m b i n a t i o n  w i t h  b r o a d c a s t  s u p e r p h o s p h a t e  and 
banded monoammonium p h o s p h a t e  (MAP) on a l f a l f a  and r e d  c l o v e r  i n  a 
m o d e r a t e l y  a c i d  s o i l .  The s i t e  was s e l e c t e d ,  s t a k e d ,  and sampled in  
A ugus t  1977.  The s o i l  was a H in ck ley  sandy  loam w i t h  an i n i t i a l  pH 
o f  5 . 6  a t  t h e  0 -1 0  cm d e p t h .  The e x p e r i m e n t a l  d e s i g n  was a s p l i t  b l o c k  
w i t h  P t r e a t m e n t s  a p p l i e d  a c r o s s  t h e  r e p l i c a t i o n s  i n  one  d i r e c t i o n  and 
l i m e  a c r o s s  t h e  r e p l i c a t i o n s  i n  t h e  o t h e r  d i r e c t i o n .  Bec ause  o f  a 
s p a c e  l i m i t a t i o n ,  t h e  number o f  p l o t s  was r e s t r i c t e d ,  and a l f a l f a  and 
r e d  c l o v e r  were  r e p l i c a t e d  f o u r  and t h r e e  t i m e s ,  r e s p e c t i v e l y .
On May 5 ,  1978 ,  f i v e  l i m e  t r e a t m e n t s  were e s t a b l i s h e d :  1)  no
l i m e ;  2) 1 . 2  t / h a  h y d r a t e d  l i m e ;  3) 2 . 3  t / h a  h y d r a t e d  l i m e ;  4) 6 . 9  t / h a  
d o l o m i t i c  l i m e ;  5) 1 3 . 8  t / h a  d o l o m i t i c  l i m e .  On Aug us t  14 ,  1978,  
g l y p h o s a t e  was a p p l i e d  t o  t h e  p l o t s  a t  2 . 2 4  k g / h a ;  and on A ugus t  17 ,  
I r o q u o i s  a l f a l f a  and P e n n s c o t t  r e d  c l o v e r  were  s ee d ed  w i t h  t h e  Zip 
s e e d e r .  Phos pho rus  was banded as  a l i q u i d  u s i n g  a hand s p r a y e r  a t ­
t a c h e d  t o  t h e  r e a r  o f  t h e  s e e d e r  ( F i g u r e  2 ) .  The banded P was a p p l i e d  
a t  120 and 250 kg P2 0 g / h a .  B r o a d c a s t  P was a p p l i e d  t h e  f o l l o w i n g  day
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i n  such a way t h a t  s i x  f i n a l  P t r e a t m e n t s  r e s u l t e d :  1) banded 240 kg
P2 0 5 / h a ;  2) b r o a d c a s t  440 kg P2 0 5 / h a ;  3) banded 120 and b r o a d c a s t  220 kg 
P2 0 g / h a ;  4) banded 120 and b r o a d c a s t  440 pg PgO^/ha;  5) banded 240 
and b r o a d c a s t  220 kg P2 0 5 / h a ;  6 ) banded 240 and b r o a d c a s t  440 kg 
P2 0 g / h a .  P o t a s s iu m  was a p p l i e d  a t  a r a t e  o f  120 kg K2 0 / h a  t o  a l l  
p l o t s .
The f i r s t  h a r v e s t  was t a k e n  on Jun e 6 , 1 979 ,  w i t h  t h e  C a r t e r  h a r ­
v e s t e r  and sam ples  f o r  d ry  m a t t e r  d e t e r m i n a t i o n  and t i s s u e  a n a l y s i s  
we re  hand c o l l e c t e d .  One week a f t e r  h a r v e s t ,  t h e  p l o t s  we re  f e r t i l i z e d  
w i t h  120 kg K2 0 / h a  and 2 . 2  kg B/ha from S o l u b o r .  The seco n d  h a r v e s t  
was t a k e n  i n  A u g u s t ,  t h e  t h i r d  h a r v e s t  on November 10;  and samples  f o r  
d ry  m a t t e r  d e t e r m i n a t i o n  f o r  b o th  h a r v e s t s  were  c o l l e c t e d  from t h e  
chopped  legume.  The p e r c e n t  legume was e s t i m a t e d  by f o u r  i n d e p e n d e n t  
o b s e r v e r s  and t h e  p l o t s  m easur ed  f o l l o w i n g  each  h a r v e s t .
In  J u l y  1979,  whole  p l a n t s  ( f i v e / t r e a t m e n t )  w i t h  i n t a c t  s o i l  b a l l s  
were  c o l l e c t e d  from t h e  un l imed p l o t s ,  2 . 3  t / h a  h y d r a t e d  and 1 3 .8  t / h a  
d o l o m i t i c  l i m e s t o n e  a t  P t r e a t m e n t s  1 ,  2 ,  and 6 . The samples  were 
c o l l e c t e d  t o  a v o i d  banded P and were  p r o c e s s e d  as d e s c r i b e d  in  t h e  
p r e v i o u s  s t u d y .  S o i l  sam ples  f o r  ch emical  a n a l y s i s  w e re  c o l l e c t e d  on 
s i x  d a t e s :  May, J u l y ,  and S ep tember  o f  1978 and 1979;  t h e  number o f
p l o t s  sam ples  was l i m i t e d  due t o  t h e  l a r g e  number o f  s i t e s  ( 2 1 0 ) .  In 
May 1978,  b e f o r e  l i m i n g ,  sam ples  were  c o l l e c t e d  from a l l  t r e a t m e n t s  a t  
0 - 2 ,  2 - 5 ,  5 - 1 0 ,  and 10-20 cm d e p t h s .  In  J u l y  1978,  a f t e r  l i m i n g ,  
sam pl es  were  t a k e n  from t h e  t o p  t h r e e  d e p t h s  f o r  a l l  t r e a t m e n t s .  In 
Sep tem ber  1978,  a f t e r  P t r e a t m e n t s ,  s o i l  sam ples  we re  c o l l e c t e d  from 
t h e  u n l im ed  p l o t s ,  t h e  h ig h  r a t e s  o f  h y d r a t e d  and d o l o m i t i c  l i m e s t o n e
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a t  P t r e a t m e n t s  1 ,  2 ,  and 6 . For t h e  1979 s o i l  s a m p l e s ,  t h e  p r o c e d u r e s  
used  i n  Sep tem ber  1978 were  r e p e a t e d  f o r  May and J u l y  f o r  t h e  t o p  two 
s o i l  d e p t h s  and i n  Sep tem ber  f o r  a l l  f o u r  d e p t h s .
F ig u r e  2 .  A p p l i c a t i o n  o f  monoammonium p h o s p h a t e  (11 p e r c e n t  N and
46 p e r c e n t  P2 O5 ) w i t h  a s p r a y  a t t a c h m e n t  on t h e  Z ip  s e e d e r .
I I I .  RESULTS AND DISCUSSION
Greenhouse  I n v e s t i g a t i o n s
I n f l u e n c e  o f  S o i l  A c i d i t y  and Lime on Legume Growth
T h ree  s t u d i e s  were done t o  examine t h e  e f f e c t  o f  l im e  r a t e s  and 
m a t e r i a l s  as w e l l  as  c u l t u r a l  t e c h n i q u e s  on n o d u l a t i o n ,  n i t r o g e n  f i x a ­
t i o n ,  and y i e l d  o f  r e d  c l o v e r  a n d / o r  a l f a l f a .
S tu dy  1:  Response  o f  A l f a l f a  t o  Lime. As i n d i c a t e d  i n  t h e  i n i ­
t i a l  s o i l  a n a l y s i s  p r i o r  t o  l i m i n g ,  t h e  l e v e l s  o f  Ca and P i n  t h e  Paxton 
s o i l  were  s i g n i f i c a n t l y  l o w e r  compared t o  t h e  Agawam and C h a r l t o n  s o i l s  
( T a b le  7 ) .  A s i g n i f i c a n t  p e r c e n t  o f  t h e  ex change s i t e s  i n  t h e  Pax ton 
s o i l  were  o c c u p ie d  by A1 (26 p e r c e n t ) .  In t h e  Agawam and C h a r l t o n  
s o i l s ,  A1 a c c o u n t e d  f o r  9 . 6  and 1 0 .0  p e r c e n t  o f  t h e  exchange s i t e s ,  
r e s p e c t i v e l y .  The low Ca and P l e v e l s  i n  a d d i t i o n  t o  t h e  h ig h  l e v e l  
o f  A1 c o n s t i t u t e  poor  growing  c o n d i t i o n s  f o r  a l f a l f a  i n  t h e  Pax ton s o i l .
In  May, n i n e  months a f t e r  l i m i n g ,  t h e  s o i l  a n a l y s i s  showed t h a t  
a v a i l a b l e  P i n c r e a s e d  w i t h  l i m i n g  i n  t h e  C h a r l t o n  s o i l  ( F i g u r e  3 ) .  In 
a l l  t h r e e  s o i l s ,  A1 l e v e l s  d e c r e a s e d  w i t h  l i m i n g  ( T a b le  8 ) .  With 4 . 6  
t / h a  l im e  t r e a t m e n t ,  t h e  A1 s a t u r a t i o n  i n  t h e  P a x t o n ,  Agawam and C h a r l t o n  
s o i l  was 1 0 ,  5 ,  and 2 p e r c e n t ,  r e s p e c t i v e l y .  With an a d d i t i o n  o f  9 . 2  
t / h a  d o l o m i t i c  l i m e ,  t h e  l e v e l  o f  A1 s a t u r a t i o n  i n  t h e  s o i l s  was l e s s  
t h a n  1 p e r c e n t .  S e v e r a l  a u t h o r s  have r e p o r t e d  t h a t  t h e  s o i l  P r e s p o n s e  
t o  l im e  can v a r y  c o n s i d e r a b l y  between s o i l s  (Lanyon e t  a l_ . , 1977;  Mengel 
and Kamprath ,  1978;  Reeve and Sumner ,  1 9 7 0 a ) .  Reeve and Sumner (1970a)
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T a b l e  7 .  S o i l  c h a r a c t e r i s t i c s  o f  t h e  t h r e e  s o i l s  p r i o r  t o  l i m i n g .  Each v a l u e  i s  t h e  mean o f  t h r e e
r e p l i c a t i o n s .
Soi 1 s pH Ca Mg K A1 P
Meq/100 g ppm
Paxton 5 . 0  a* 1 .0 6  a 0 .3 5  a 0 . 2 9  a 0 . 5 9  b 6  a
C h a r l t o n 5 . 0  a 1 .8 2  b 0 . 3 6  a 0 . 2 8  a 0 . 2 8  a 2 0  b
Agawam 5 . 0  a 2 .2 7  b 0 .3 0  a 0 .2 6  a 0 . 3 0  a 30 c
* Means w i t h  a column f o l l o w e d  by t h e  same l e t t e r  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  a t  t h e  
0 . 0 5  p e r c e n t  l e v e l  a c c o r d i n g  t o  Duncan 's  New M u l t i p l e  Range T e s t .
Ta b le  8 .  Nodule number, w e ig h t ,  and p e rcen t a c t i v e  nodules (by c o lo r )  f o r  a l f a l f a  grown in  the  th re e  s o i l s .
S o i l  A1 and pH a r e  a l s o  p r e s e n t e d .  Each v a l u e  i s  t h e  mean o f  f o u r  r e p l i c a t i o n s .
Lime
r a t e S o i l pH A l 1
Nodule w e ig h t  
p e r  p l a n t
Nodule number 
p e r  p l a n t
P e r c e n t  a c t i v e  
n o du les
t / h a % o f  CEC mg %
0 Paxton 5 . 0  a* 26 a 0 . 2  a 2 . 2  a 1 0  a
Agawam 5 . 0  a 1 0  c 2  a 2 . 2  a 36 b
C h a r l t o n 5 . 0  a 1 0  c 3 a 1 . 8  a 32 b
4 .6 Paxton 5 . 4  b 1 0  c 31 b 1 2 . 0  b 35 b
Agawam 5 . 5  b 5 a 55 be 9 . 6  b 53 c
C h a r l t o n 5 . 6  b 2  a 73 c 1 9 .6  c 6 8  c
9 . 2 Paxton 6 . 0  c 1 a 89 cd 2 5 . 0  d 82 d
Agawam 6 . 3  c 1 a 96 d 1 9 . 4  c 8 6  d
C h a r l t o n 6 . 2  c 1 a 99 d 2 3 .2  d 83 d
1 The A1 d a t a  was a r c s i n  t r a n s f o r m e d .
* Means w i t h i n  a column fo l l o w e d  by t h e  same l e t t e r  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  a t  t h e  0 . 0 5  p e r c e n t  









A g a w a m ; Y= — 32.6 + 12.2 x —9.8x2.  R^= .51
C h a r l t o n ;  Y=-1 1 .9  + 2 7-0x ; R^= . 7 2




Soi l  pH
F ig u r e  3 .  The i n f l u e n c e  o f  l im e  on t h e  a v a i l a b i l i t y  o f  P i n  t h e  s o i l  as  shown t h r o u q h  r e g r e s s i o n  
a n a l y s i s .
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fo un d no r e l a t i o n s h i p  between e x c h a n g e a b le  A1 and P i n  e i g h t  s o i l s :  l ime
had no e f f e c t  on a v a i l a b l e  P a l t h o u g h  e x c h a n g e a b le  A1 l e v e l s  were  r e d u c e d .
T o t a l  n o d u le  number,  n o d u le  w e i g h t  and p e r c e n t  a c t i v e  n o d u l e s  i n ­
c r e a s e d  w i t h  l im e  i n  t h e  t h r e e  s o i l s  ( T a b le  8 ) .  In t h e  Pax ton s o i l ,  
t h e  m ag n i tu d e  o f  t h e  n o d u le  r e s p o n s e  t o  l im e  was s i g n i f i c a n t l y  g r e a t e r  
t h a n  i n  t h e  o t h e r  two s o i l s .  A l f a l f a  n o d u le  w e i g h t  i n  t h e  P a x t o n ,
Agawam, and C h a r l t o n  s o i l  i n c r e a s e d  w i t h  l i m i n g  450 ,  4 8 ,  and 33 f o l d ,  
r e s p e c t i v e l y .  The d i f f e r e n c e  i n  n o d u le  w e i g h t  o f  a l f a l f a  i n  t h e  Paxton  
s o i l  was p r o b a b l y  due t o  a s e r i e s  o f  i n t e r a c t i o n s  between A1, pH, and P. 
Nodule number,  how ever ,  d e m o n s t r a t e d  a s t r o n g e r  c o r r e l a t i o n  t o  s o i l  A1 
t h a n  pH o r  a v a i l a b l e  P (T a b le  9 ) .
N i t r o g e n  f i x a t i o n  e x p r e s s e d  as  nM C z H ^ h r / p l a n t  i n c r e a s e d  f o r  
a l f a l f a  i n  t h e  s o i l s  w i t h  l i m e .  The manner i n  which f i x a t i o n  i s  ex ­
p r e s s e d  i s  an i m p o r t a n t  c o n s i d e r a t i o n  i n  e v a l u a t i n g  t h e  d a t a  (T a b le  1 0 ) .  
When e x p r e s s e d  on a p e r  gram o f  d r y  w e i g h t  b a s i s ,  n i t r o g e n  f i x a t i o n  
i n c r e a s e d  15 t o  20 f o l d  f o l l o w i n g  l i m i n g  and was s t r o n g l y  c o r r e l a t e d  
t o  s o i l  A1 i n  t h e  t h r e e  s o i l s  ( T a b l e  1 1 ) .  On a n o d u le  b a s i s ,  f i x a t i o n  
i n c r e a s e d  one t o  two f o l d .
As i n d i c a t e d  i n  T a b le  8 , n o d u le  w e i g h t  and t h e  p e r c e n t  a c t i v e  
n o d u le s  i n c r e a s e d  w i t h  r e d u c ed  A1 s a t u r a t i o n ;  l i m i n g  p roduced  l a r g e r  
n o d u le s  w i t h  more a c t i v e  mas s .  S i n c e  n i t r o g e n  f i x a t i o n  p e r  m i l l i g r a m  
o f  n o d u le  d i d  n o t  i n c r e a s e  w i t h  l i m e ,  t h e  improved n i t o r g e n  f i x a t i o n  
p e r  p l a n t  was n o t  due t o  h i g h e r  e f f i c i e n c y  (mg N/mg n o d u l e )  b u t  t o  a 
g r e a t e r  no d u le  s i z e .  A l f a l f a  y i e l d  was s i g n i f i c a n t l y  c o r r e l a t e d  t o  
n o d u le  number and w e i g h t  i n  t h e  t h r e e  s o i l s  ( T a b le  1 2 ) .  The added 
l i m e  r e d u ced  t h e  A1 s a t u r a t i o n  and b r o u g h t  a b o u t  some i n c r e a s e  i n  P
Ta b le  9 .  Regression equations f o r  nodule number w i th  s o i l  pH, aluminum and phosphorus f o r  a l f a l f a
grown i n  t h e  t h r e e  s o i l s .
S o i l
f a c t o r S o i l
R e g r e s s io n  a n a l y s i s
E q u a t io n r 2
Agawam
C h a r l t o n Y = -391 + 85* pH .59
Paxton
2ai Agawam Y = 197 -  2 . 3 *  A1 .92
C h a r l t o n Y = 1223 -  2 .3 *  A1 .81
Paxton Y = 138 -  1 . 5 *  A1 .92
2P Agawam Y = 47 + 2 .2 * *  P .43
C h a r l t o n Y = 9 + 2 .2**  P .45
Paxton Y = 13 + 9 .2 * *  P .45
^ R e g r e s s io n  e q u a t i o n s  d id  n o t  d i f f e r  s i g n i f i c a n t l y  a t  t h e  0 . 0 5  p e r c e n t  l e v e l ;  t h e r e f o r e ,  
p o o le d  form i s  p r e s e n t e d .
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R e g r e s s i o n  e q u a t i o n s  w e re  s i g n i f i c a n t l y  d i f f e r e n t  a t  t h e  0 . 0 5  p e r c e n t  l e v e l .
* S i g n i f i c a n t l y  d i f f e r e n t  a t  t h e  0.01 p e r c e n t  l e v e l .
* * S i g n i f i c a n t l y  d i f f e r e n t  a t  t h e  0 . 0 5  p e r c e n t  l e v e l .
T a b l e  10.  N i t ro g e n  f i x a t i o n  f o r  a l f a l f a  e x p r e s s e d  i n  f o u r  ways t o  d e m o n s t r a t e  t h e  i m p o r t a n c e  o f  t h e
manner  o f  p r e s e n t a t i o n  i n  e v a l u a t i n g  d a t a .  Each v a l u e  i s  t h e  mean o f  f o u r  r e p l i c a t i o n s .
N i t r o g e n  f i x a t i o n
Lime p e r p e r  gram p l a n t p e r p e r  mg n o d u le
r a t e S o i l p l a n t d ry  w e ig h t no d u le f r e s h  w e i g h t
t / h a nM CiHji/hr
0 Agawam 1 1 0  b* 1 2 0  b 50 b** 6 6  c
Paxton 11  a 28 a 5 a 56 c
C h a r l t o n 85 b 82 b 47 b 33 b
4 . 6 Agawam 823 b 397 b 8 6  d 15 a
Paxton 538 a 301 a 45 b 19 a
C h a r l t o n 882 b 402 b 45 b 14 a
9 .2 Agawam 1640 a 602 a 85 d 17 a
Paxton 1628 a 643 a 65 bed 18 a
C h a r l t o n 1850 b 749 b 80 cd 19 a
* Means w i t h i n  l im e  r a t e s  i n  a column f o l l o w e d  by t h e  same l e t t e r  a r e  n o t  s i g n i f i c a n t l y  
d i f f e r e n t  a t  t h e  0 .0 5  p e r c e n t  l e v e l  a c c o r d i n g  t o  Duncan 's  New M u l t i p l e  Range T e s t .
** Means w i t h i n  a column f o l l o w e d  by t h e  same l e t t e r  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  a t  t h e  
0 . 0 5  p e r c e n t  l e v e l  a c c o r d i n g  t o  Duncan 's  New M u l t i p l e  Range T e s t .
T a b le  11.  R e g r e s s io n  a n a l y s i s  f o r  a l f a l f a  n i t r o g e n  f i x a t i o n  w i t h  s o i l  aluminum.  The d a t a  
r e p r e s e n t s  t h r e e  r e p l i c a t i o n s  p e r  l i m e  r a t e .
N i t r o g e n  f i x a t i o n  
p e r  gram p l a n t  DW
p
S o i l  E q u a t i o n  r 4-
Agawam Y = 1578 -  26* A1 .91
Paxton Y -  1625 -  20* A1 .92
C h a r l t o n  Y = 1218 -  25* A1 .91
*  S i g n i f i c a n t  a t  th e  0 .0 5  p e rcen t l e v e l .
T a b l e  12.  R e g r e s s io n  a n a l y s i s  f o r  a l f a l f a  y i e l d  w i t h  no d u le  number (NN) and n o d u le  w e i g h t  (NW).
The d a t a  r e p r e s e n t s  t h r e e  r e p l i c a t i o n s  p e r  l im e  r a t e .
O
S o i l  E q u a t io n  r 1'
Agawam Y = 0 . 1 2  + 0 .0023*  NN
+ 1 .03*  NW .91
C h a r l t o n  Y = 0 . 0 7  + 0 .0091*  NN
+ 1 .2 4 *  NW .82
Paxton  Y = 0 . 1 9  + 0 . 0100*  NN
+ 1 .57*  NW .74
*  S i g n i f i c a n t  a t  the  0 .0 5  p e rcen t l e v e l .
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a v a i l a b i l i t y  and e x c h a n g e a b le  b a s e s .  The improved s o i l  f e r t i l i t y  
improved a l f a l f a  growth p r o v i d i n g  more e n e r g y  f o r  n i t r o g e n  f i x a t i o n .  
A c co rd in g  t o  Hardy and Havelka  ( 1 9 7 6 ) ,  p h o t o s y n t h a t e  i s  t h e  p r im ary  
l i m i t i n g  f a c t o r  i n  t h e  f i x a t i o n  o f  n i t r o g e n .
S tu d y  2:  Response  o f  A l f a l f a  and Red C l o v e r  t o  Lime P e l l e t i n g .
At  0 t / h a  l i m e ,  l i m e  p e l l e t i n g  b r o u g h t  a b o u t  a s i g n i f i c a n t  i n c r e a s e  i n  
n o d u le  number and w e i g h t  f o r  a l f a l f a .  T h i s  n o d u le  r e s p o n s e  t o  p e l l e t i n g ,  
ho wever ,  was n o t  r e f l e c t e d  i n  an improvement  o f  n i t r o g e n  f i x a t i o n  o r  
y i e l d  ( T a b le  1 3 ) .  P o s s i b l y  a t  t h i s  s o i l  pH ( 5 . 0 ) ,  i n h i b i t i o n  o f  
n i t r o g e n  f i x a t i o n  i s  n o t  j u s t  due t o  r e d u c ed  n o d u l a t i o n  b u t  t o  o t h e r  
p r o c e s s e s ;  i . e . ,  r e d u c e d  P t r a n s l o c a t i o n  t o  n o d u l e s  a n d / o r  p r e c i p i t a t i o n  
o f  n o d u le  P by A1. S a r t a i n  and Kamprath (1977)  have  shown l e v e l s  o f  A1 
i n  e x c e s s  o f  2000 ppm i n  soy bean n o d u le s  and Naidoo e t  a K  (1 978)  found 
A1 has  a m a jo r  c o n s t i t u e n t  i n  t h e  n u c l e u s  o f  c o t t o n  r o o t  c e l l s .  With 
t h e  u s e  o f  X -r ay  m i c r o a n a l y s i s ,  Naidoo e t  al_. d e m o n s t r a t e d  A l -P  p r e ­
c i p i t a t i o n  i n  membranes .  A n o th e r  p o s s i b i l i t y  i s  t h a t  p e l l e t i n g  p ro v i d e d  
s u f f i c i e n t  Ca f o r  n o d u l a t i o n ,  b u t  t h e  g e n e r a l  low f e r t i l i t y  o f  t h i s  
Paxton  s o i l  ( T a b le  7) i n t e r f e r e d  i n  g row th .
The l im e  p e l l e t i n g  had no i n f l u e n c e  on r e d  c l o v e r  r e g a r d l e s s  o f  
t h e  l im e  r a t e  ( T a b l e  1 3 ) .  C l o v e r s ,  i n  g e n e r a l ,  a r e  c o n s i d e r e d  more 
t o l e r a n t  o f  s o i l  a c i d i t y  t h a n  a l f a l f a .  Munns (1 965a)  found t h a t  s u b ­
t e r r a n e a n  c l o v e r  c o u l d  form n o d u l e s  and grow a t  pH 4 . 5  w h i l e  a l f a l f a  
was r e s t r i c t e d  a t  t h a t  pH. R ice  e t  al^. (1977)  found t h a t  r e d  c l o v e r  
n o d u l a t i o n  was n o t  s i g n i f i c a n t l y  improved by l i m i n g  which was a l s o  shown 
i n  t h i s  e x p e r i m e n t .  At 0 and 9 . 2  t / h a  d o l o m i t i c  l i m e ,  n o d u le  number 
f o r  c l o v e r  a v e r a g e d  40 p e r  p l a n t .  N i t r o g e n  f i x a t i o n  e x p r e s s e d  on a
Ta b le  13. Y i e l d ,  nodule number, w e ig h t ,  and n i t ro g e n  f i x a t i o n  f o r  a l f a l f a  and red c lo v e r  as in f lu e n c e d  by
b r o a d c a s t  and p e l l e t e d  d o l o m i t i c  l i m e s t o n e .  Each v a l u e  i s  t h e  mean o f  f o u r  r e p l i c a t i o n s .
Spec i  es
Lime




p e r  nodu le
N i t r o g e n  
p e r  n o d u le
f i x a t i o n  
p e r  mg n o d u le
t / h a m g / p l a n t # / p l a n t mg nM C2 H4 / h r
A l f a l f a 0 + 2 2 . 4  a* 2 . 5  b 0 . 9 5  b 6 . 5  a 6 . 8  a
- 2 4 . 4  a 0 . 6  a 0 . 4 0  a 7.1 a 1 7 . 8  c
4 . 6 + 134 .0  b 7 . 0  c 5 . 6 8  c 6 6 .9  b 1 1 . 8  b
_ 136 .2  b 7 . 8  c 5 . 6 3  c 5 9 .8  b 1 0 . 6  b
9 . 2 + 3 4 8 .0  c 1 2 . 2  d 4 . 9 3  c 1 6 5 .8  c 3 4 .3  d
- 3 5 3 .5  c 1 1 . 5  d 5 .1 0  c 1 5 1 .8  c 2 9 . 8  d
Red C lo v e r 0 + 5 6 .0  A** 4 5 . 0  A 0 . 9 2  A 1 . 3  A 1 . 4  A
- 5 5 .0  A 3 2 . 8  A 0 . 8 7  A 1 . 5  A 1 . 7  A
4 . 6 + 1 6 9 .8  B 4 0 . 2  A 0 . 9 2  A 1 0 .0  B 1 0 .9  B
- 1 9 4 .2  B 4 8 . 0  A 1 . 0 8  A 8 . 2  B 7 . 6  B
9 . 2 + 2 7 6 .2  C 3 8 .5  A 1 .0 0  A 1 7 .5  C 1 7 .5  C
- 2 7 3 .8  C 4 1 . 5  A 1 .0 0  A 1 5 . 8  C 1 5 . 8  C
*F or  a l f a l f a ,  means w i t h i n  a column f o l l o w e d  by t h e  same smal l  l e t t e r  a r e  n o t  s i g n i f i c a n t l y  
d i f f e r e n t  a t  t h e  0 .0 5  p e r c e n t  l e v e l  a c c o r d i n g  t o  Duncan 's  New M u l t i p l e  Range T e s t .
**For  r e d  c l o v e r ,  means w i t h i n  a column fo l l o w e d  by t h e  same c a p i t a l  l e t t e r  a r e  n o t  s i g n i f i ­
c a n t l y  d i f f e r e n t  a t  t h e  0 . 0 5  p e r c e n t  l e v e l  a c c o r d i n g  t o  Duncan 's  New M u l t i p l e  Range T e s t .
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n o d u l e  b a s i s ,  i n c r e a s e d  from 1 . 4  t o  16 nM C2 H4 / h r  f o r  r e d  c l o v e r  w h i l e  
f i x a t i o n  f o r  a l f a l f a  i n c r e a s e d  from 6 . 8  t o  1 5 9 .0  nM C2 H4 / h r .  At t h e  
9 . 2  t / h a  l i m e  r a t e ,  a l f a l f a  n o d u le s  were  more e f f i c i e n t  t h a n  r e d  c l o v e r ,  
f i x i n g  20 and 16 nM C2 H4 / h r  mg n o d u l e ,  r e s p e c t i v e l y .  T h i s  d i f f e r e n c e  
i n  n i t r o g e n  f i x a t i o n  between t h e  s p e c i e s  i s  p r o b a b l y  due t o  t h e  i n t e r ­
a c t i o n  o f  s e v e r a l  f a c t o r s ;  i . e . ,  number o f  e f f e c t i v e  n o d u le s  p e r  p l a n t ,  
n o d u le  a g e ,  e f f e c t i v e n e s s  o f  s p e c i f i c  Rhizobium i n  p r o d u c t i o n  o f  t h e  
n i t r o g e n a s e  enzyme,  p h o t o s y n t h a t e  s u p p l y  a n d / o r  t r a n s l o c a t i o n ,  e t c .
S tudy 3:  Response  o f  A l f a l f a  t o  Lime and S u p e r p h o s p h a t e . In  t h i s
e x p e r i m e n t ,  t h e  i n f l u e n c e  o f  d o l o m i t i c  l i m e s t o n e , h y d r a t e d  l im e  and 
s u p e r p h o s p h a t e  on a l f a l f a  growth was s t u d i e d .  The t r e a t m e n t s  were 
a p p l i e d  a t  f i v e  r a t e s  w i t h o u t  i n t e r a c t i o n  t o  a s o i l  w i t h  an i n i t i a l  
pH o f  5 . 6 .
The h i g h e s t  r a t e s  o f  d o l o m i t i c  and h y d r a t e d  l ime i n c r e a s e d  t h e  s o i l  
pH t o  6 . 3  and 7 . 4  w i t h i n  s ev e n  days  a f t e r  a p p l i c a t i o n  ( T a b le  1 4 ) .  The 
pH o f  t h e  s o i l  t r e a t e d  w i t h  s u p e r p h o s p h a t e  r e m a ined  a t  5 . 5  t o  5 . 6 .  The 
l e v e l s  o f  A1 i n  t h e  s o i l  were  r e d u c e d  t o  a p p r o x i m a t e l y  1 ppm w i t h  a l l  
t h r e e  t r e a t m e n t s  a t  t h e  h i gh  r a t e  o f  a p p l i c a t i o n .  The most  s t r i k i n g  
d i f f e r e n c e  be tween t h e  l i m e  and s u p e r p h o s p h a t e  was t h e  l e v e l  o f  a v a i l ­
a b l e  P in  t h e  s o i l  ( T a b le  1 5 ) .  At  t h e  h i g h e s t  r a t e  o f  s u p e r p h o s p h a t e ,  
h y d r a t e d  and d o l o m i t i c  l i m e s t o n e ,  t h e  l e v e l s  o f  a v a i l a b l e  P we re  21,
1 . 6 ,  and 2 . 3  ppm, r e s p e c t i v e l y .
The i n f l u e n c e  o f  t h e  d i f f e r e n c e s  i n  s o i l  P on a l f a l f a  w e i g h t ,  
n o d u le  number and n o d u le  w e i g h t  a r e  shown i n  T a b l e  15.  S u p e r p h o s p h a te  
had a s t r o n g e r  i n f l u e n c e  on n o d u le  number and w e i g h t  t h a n  e i t h e r  o f  
t h e  l i m i n g  m a t e r i a l s .  T hese  r e s u l t s  c l e a r l y  d e m o n s t r a t e  t h e  p o s i t i v e
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T a b l e  14.  S o i l  pH chang es  a t  7 ,  3 5 ,  and 54 days  a f t e r  t r e a t m e n t  w i t h  
h y d r a t e d ,  d o l o m i t i c  l i m e ,  and s u p e r p h o s p h a t e .
T r e a t m e n t  Rate 7
Days
35 54
t / h a
Dol om i te  0 5 . 7 5 . 7 5 . 5
2 . 3 5 . 8 5 . 7 5 . 7
4 . 6 5 . 8 5 . 8 5 . 8
9 . 2 6 . 0 6 . 1 6 . 1
1 8 .2 6 . 3 6 . 5 6 . 3
H y d ra t ed  0 5 . 6 5 . 6 5 . 5
1 . 2 5 .9 5 .7 5 . 6
2 . 3 6 . 3 5 . 9 5 . 9
4 .6 6 . 8 6 . 6 6 . 3
9 . 2 7 .4 7 .0 6 . 0
S u p e r p h o s p h a te  0 5 . 7 5 . 6 5 . 5
0 . 1 2 5 . 5 5 . 5 5 . 3
0 . 2 3 5 . 5 5 . 5 5 . 3
0 . 4 6 5 .5 5 .5 5 . 4








Ta b le  15. The y i e l d ,  nodule number, and w e ig h t  per nodule is  presented  f o r  a l f a l f a  a long w i th  s o i l  pH,
A1, and P. The s o i l  d a t a  was m easured  on J a n u a r y  3 ,  and t h e  samples  we re  n o t  r e p l i c a t e d .  Al l  
p l a n t  c h a r a c t e r i s t i c s  a r e  t h e  means o f  f i v e  r e p l i c a t i o n s .
T r e a t m e n t Rate pH A1 P
Y ie ld  
p e r  p l a n t
Nodule number 
p e r  p l a n t
Weight  
p e r  n o d u le
t / h a ppm - mg mg
Dolomite 0 5 . 7 3 .0 2 . 6 1 0 0  b* 0 . 1 2  a 9 . 0  c
2 . 3 5 . 7 1 . 4 2 . 6 83 ab 1.31 b 2 . 5  b
4 . 5 5 . 8 1 . 2 2 . 5 62 a 0 . 9 2  b 2 . 0  b
9 . 2 6 . 1 1 . 2 2 . 3 104 b 3 .2 5  c 2 . 0  b
18 .4 6 . 5 1 . 1 2 . 3 98 b 0  a 0  a
Hyd ra ted 0 5 .6 3 .6 3 .0 6 6  a 0 . 2 5  a 6 . 4  ab
1 . 2 5 . 7 2 . 4 1 .9 78 ab 0 . 4 5  a 2 . 9  a
2 . 3 5 . 8 0 . 9 2 . 5 63 a 0 .5 0  a 6 . 8  b
4 . 6 6 . 6 0 . 9 1 . 8 91 b 0 . 2 0  a 1 0 .5  c
9 . 2 7 . 0 0 .9 1 . 6 84 b 2 . 0 0  b 4 . 0  a
S u p e r p h o s p h a te 0 5 .6 1 .9 2 . 6 116 ab 3 .8 0  ab 6 . 3  a
0 . 1 2 5 .6 1 . 8 3 . 5 96 a 1 .8 0  a 1 7 .0  b
0 .2 3 5 .5 1 . 4 4 . 2 206 c 5 .2 0  b 3 0 .8  c
0 .4 6 5 . 5 1 . 4 1 1 . 2 196 c 9 . 7 0  c 1 2 .9  b
0 .9 2 5 . 7 0 . 9 2 1 . 0 128 b 4 . 3 5  b 1 2 . 0  b
*With in  a t r e a t m e n t ,  means i n  a column f o l l o w e d  by t h e  same l e t t e r  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  a t  t h e  
0 .0 5  p e r c e n t  l e v e l  a c c o r d i n g  t o  D uncan 's  New M u l t i p l e  Range T e s t .
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r e s p o n s e  o f  a l f a l f a  t o  a p p l i e d  P. Munns (1 9 6 5 a ,  1965b) showed w i t h  
h y d r o p o n i c s  and i n  s o i l  t h a t  o nce  A1 was r e d u c e d ,  a l f a l f a  would r e sp o n d  
t o  f e r t i l i z e r  P. In s o i l ,  Munns (1965b)  d e m o n s t r a t e d  t h a t  be tween pH 
5 . 6  and 6 . 4 ,  t h e  a d d i t i o n  o f  P e l i m i n a t e d  t h e  l im e  r e s p o n s e  i n  a l f a l f a .  
Jones  e t  a U  (1977)  have shown w i t h  s o ybea ns  t h a t  n o d u le  number i n c r e a s e d  
w i t h  P a p p l i c a t i o n .
At  t h e  h ig h  r a t e  o f  s u p e r p h o s p h a t e  a p p l i c a t i o n ,  p l a n t  w e i g h t ,  
n o d u le  number ,  and n o d u le  w e i g h t  d e c r e a s e d .  T i s s u e  a n a l y s i s  d i d  n o t  
i n d i c a t e  any s i g n i f i c a n t  r e d u c t i o n s  i n  t h e  l e v e l s  o f  Ca,  Mg, Fe ,  o r  
Zn i n  t h e  p l a n t s  due t o  P a p p l i c a t i o n .  The l e v e l s  o f  P i n  t h e  t i s s u e  
a v e r a g e d  0 . 1 8  p e r c e n t  which i s  l ow er  t h a n  e x p e c t e d  b u t  t o t a l  P exc eeded  
109 m g / p l a n t .  The l e v e l s  o f  A1 i n c r e a s e d  i n  t h e  t i s s u e  w i t h  a p p l i e d  P 
( T a b le  1 6 ) ,  b u t  t h e r e  was no i n d i c a t i o n  o f  A1 t o x i c i t y .  F l e t c h e r  and 
K urt z  (1964)  r e p o r t e d  a s i m i l a r  gro wth  d e p r e s s i o n  a t  h ig h  l e v e l s  o f  
a p p l i e d  P f o r  s o y b e a n s .  At  1323 kg P / h a ,  t h e  a u t h o r s  r e p o r t e d  a s u b ­
s t a n t i a l  d e c r e a s e  i n  no d u le  number f o r  t h e  two soy bean v a r i e t i e s ,
C h i e f  and L i n c o l n .  No s i g n i f i c a n t  d i f f e r e n c e s  were  found in  t i s s u e  
l e v e l s  o f  Ca, Mg, Fe ,  Mn, o r  B. In a p a p e r  on Fe d e f i c i e n c i e s ,  R ed s ik e  
and B id du lp h  (1954)  r e p o r t e d  t h a t  t h e  d i s t r i b u t i o n  o f  Fe i n  t h e  l e a v e s  
i s  more m ean in g f u l  t h a n  t o t a l  c o n c e n t r a t i o n .  F l e t c h e r  and K u r t z  (1964)  
i n d i c a t e d  t h a t  t h e  h ig h  l e v e l s  o f  P i n  so ybean  l e a v e s  c o u l d  b r i n g  a b o u t  
c o n d i t i o n s  f a v o r a b l e  f o r  Fe i n a c t i v a t i o n  by t h e  f o r m a t i o n  o f  Fe-P 
p r e c i p i t a t e s  a l o n g  l e a f  v e i n s  which  would  n o t  n e c e s s a r i l y  show up i n  
t h e  t o t a l  Fe a n a l y s i s .  L e v e l s  o f  p l a n t  P a v a i l a b l e  t o  m e ta b o l i s m  c o u l d  
be r e s t r i c t e d  by p r e c i p i t a t i o n  w i t h  A1 which would  d e c r e a s e  gro wth and 
n o d u l a t i o n .
f "
T a b le  16.  Compos i t ion  o f  a l f a l f a  t i s s u e  ( t o p s )  f o l l o w i n g  l im e  o r  s u p e r p h o s p h a t e  t r e a t m e n t .  R e p l i c a t i o n s  
were  combined i n  o r d e r  t o  p r o v i d e  s u f f i c e n t  m a t e r i a l  f o r  a n a l y s i s .
T re a t m e n t Rate Ca Mg P A1 Fe Zn
t /  l l Q h ■ ppm
Dolomite 0 2 .59 0 .5 5 0 .0 9 1 1 0 225 41
2 . 3 2 .80 0 . 6 4 0 . 1 4 107 150 40
4 . 6 1 .9 5 0 .5 2 0 . 1 3 45 190 25
9 . 2 2 .4 0 0.61 0 . 1 2 91 350 25
1 8 .4 2 .5 5 0 . 5 8 0 . 2 1 8 6 275 31
Hy dra ted 0 2.71 0 .6 0 0 . 0 8 1 2 1 225 40
1 . 2 2 .4 9 0 . 4 8 0 .0 9 64 125 21
2 . 3 2 .3 3 0 .4 7 0 . 0 8 62 125 25
4 . 6 4 .0 2 0 . 5 7 0 .0 5 34 2 0 0 19
9 . 2 4.21 0 . 7 4 0 . 1 1 48 225 19
S u p e rp h o s p h a te 0 2 .6 2 0 .6 5 0 .1 4 48 175 39
0 . 1 2 2 . 6 8 0 . 7 6 0 .1 3 48 150 39
0 .2 3 2.81 0 .5 3 0 .1 5 54 125 37
0 .4 6 2.51 0 .7 2 0 . 1 8 194 400 31
0 .9 2 2 . 5 8 0 .6 9 0 .1 7 123 275 40
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E f f e c t s  o f  Aluminum on A e ro p o n ic a l l . y  Grown A l f a l f a  and Red C lo v e r  
Aluminum s t r e s s  was g r e a t e r  f o r  t h e  p l a n t s  t o t a l l y  d e p e n d e n t  on 
n i t r o g e n  f i x a t i o n .  The a d d i t i o n  o f  A1 a t  e i t h e r  1 o r  2 ppm b r o u g h t  
a b o u t  s i g n i f i c a n t  r e d u c t i o n s  i n  n i t r o g e n  f i x a t i o n ;  by t h e  f o u r t h  week,  
t h e  d e c r e a s e  i n  f i x a t i o n  a t  1 ,  2 ,  2 ppm A1 + N was 3 3 ,  7 2 ,  and 94 
p e r c e n t ,  r e s p e c t i v e l y  ( T a b le  1 7 ) .
T a b l e  17.  N i t r o g e n  f i x a t i o n  o f  a l f a l f a  a t  1 ,  2 ,  and 2 ppm A1 + N
e x p r e s s e d  as  a p e r c e n t  o f  t h e  a c t i v i t y  a t  0 ppm A1 (100%).
T r e a t m e n t 1
Weeks
2 3 4
0 ppm A1 1 0 0
%
1 0 0 1 0 0 1 0 0
1 ppm A1 1 0 0 75 69 67
2 ppm A1 97 76 47 28
2 ppm A1 + N 55 23 11 6
Even thou gh  t h e  added N s e v e r e l y  r e s t r i c t e d  n i t r o g e n  f i x a t i o n ,  
p l a n t  y i e l d  was n o t  s i g n i f i c a n t l y  l e s s  t h a n  t h o s e  a t  0 ppm A1 ( T a b le  
1 8 ) .  T h ese  d a t a  i n d i c a t e  t h a t  a t  t h e s e  c o n c e n t r a t i o n s ,  A1 t o x i c i t y  
i s  p r i m a r i l y  on t h e  f i x a t i o n  mechani sms.  Andrews (1977)  i n  a r e v ie w  
p a p e r  s u g g e s t e d  t h a t  t h e  p r i m a r y  damage o f  A1 on s e n s i t i v e  legumes i s  
on n o d u l a t i o n  and n i t r o g e n  f i x a t i o n .  When f e r t i l i z e r  N i s  p r e s e n t ,  
t h e  damaged s y m b i o s i s  l o s e s  i t s  i n h i b i t i o n  on t h e  growth o f  t h e  h o s t
Ta b le  18 . E f fe c ts  o f  aluminum on the  y i e l d ,  nodule number, nodule w e ig h t ,  and n i t ro g e n  f i x a t i o n  o f  a l f a l f a
grown a e r o p o n i c a l l y .  Each v a l u e  i s  t h e  mean o f  f o u r  r e p l i c a t i o n s .
Nodule number Weight  N i t r o g e n
Week T r e a t m e n t  Y ie ld  p e r  p l a n t  p e r  p l a n t  f i x a t i o n
m g / p l a n t  mg nM C2 H4 / h r / n o d u l e
1 0 ppm A1 8 . 6  a* 1 0 . 6 abc 1 . 2 e f 80.1 c
1 ppm A1 8 . 2  a 9 . 8 abc 0 . 9 de 9 0 .3 c
2 ppm A! 6 . 0  a 9 . 0 abc 0 . 7 cd 7 8 .3 c
2 ppm A1 +N 8 . 0  a 7 . 4 a 0 . 6 bed 4 3 . 8 b
2 0 ppm A1 3 7 .2  b 1 1 . 8 bed 2 . 0 h 157 .8 e
1 ppm A1 3 4 .0  b 1 2 .3 cd 0 . 9 de 118 .6 d
2 ppm A1 2 8 .6  b 9 .2 abc 0 . 5 abc 1 1 9 .4 b
2 ppm A1 + N 3 6 .6  b 8 . 8 ab 0 . 3 ab 3 6 .8 a
3 0 ppm A1 7 1 .2  d 1 4 .3 de 2 . 5 h 2 0 3 .5 f
1 ppm A1 5 9 .9  c 9 . 8 abc 1 . 0 e f 1 4 0 .8 de
2 ppm A! 37 .2  b 9 . 5 abc 0 . 7 cd 9 5 .5 c
2 ppm A1 + N 7 2 .0  d 7 . 4 a 0 . 2 a 2 1 .9 a
4 0 ppm A1 1 0 2 . 0  e 1 6 .9 e 2 .9 h 2 9 9 .4 9
1 ppm A1 7 4 . 4  d 1 1 . 4 bed 1 .3 9 204.1 f
2 ppm A1 4 8 . 4  c 1 0 . 6 abc 0 . 4 a 8 4 . 4 c
2 ppm A1 + N 1 0 4 .4  e 1 0 . 0 abc 0 . 1 a 1 7 .8 a
*Means w i t h i n  a column f o l l o w e d  by t h e  same l e t t e r  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  a t  t h e  0 . 0 5  p e r c e n t  
l e v e l  a c c o r d i n g  t o  Duncan ' s  New M u l t i p l e  Range T e s t .
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p l a n t .  Munns (1965 a)  d e m o n s t r a t e d  t h a t  N c o u l d  r e d u c e  pr oblems o f  s o i l  
a c i d i t y  i f  A1 l e v e l s  were low.  Munns (1965b)  r e f e r s  t o  t h e  f o r m a t i o n  
o f  Al-P  c o l l o i d a l  compounds i n  s o l u t i o n  t h a t  a r e  n o t  c l e a r l y  v i s i b l e  
and t h a t  such f o r m a t i o n s  r e d u c e  A1 l e v e l s  i n  s o l u t i o n .  T h e r e  i s  no 
c l e a r  way o f  knowing i f  such  compounds d i d  form i n  t h i s  e x p e r i m e n t .
H a rp e r  and Hageman (1 97 2)  found t h a t  ad ded N s e v e r e l y  r e s t r i c t e d  
n i t r o g e n  f i x a t i o n  i n  s o ybeans  grown h y d r o p o n i c a l l y .  The a u t h o r s  
i n d i c a t e d  t h a t  t h e  r e d u c t i o n  i n  f i x a t i o n  was s i g n i f i c a n t l y  c o r r e l a t e d  
t o  n o d u le  number.  In  t h i s  e x p e r i m e n t ,  t h e  p l a n t s  we re  a l r e a d y  n o d u l a t e d  
and f i x i n g  n i t r o g e n  when N was added t o  t h e  n u t r i e n t  s o l u t i o n .  Nodule 
w e i g h t ,  ho w ever ,  s i g n i f i c a n t l y  d e c r e a s e d  i n  t h e  p l a n t s  ex posed  t o  N 
( T a b l e  1 8 ) .  Munns (1977)  s t a t e d  t h a t  f e r t i l i z e r  N r e t a r d s  n o d u le  
growth and in  i t s  p r e s e n c e ,  t h e  n o d u le s  c o n t a i n  l e s s  l e g a h e m o g lo b in  
and r e c e i v e  l e s s  p h o t o s y n t h a t e  from t h e  s h o o t .
The a d d i t i o n  o f  t h e  A1 t o  t h e  n u t r i e n t  s o l u t i o n  had a l e s s  p o t e n t  
i n f l u e n c e  on r e d  c l o v e r  compared t o  a l f a l f a  ( T a b l e s  19 and 2 0 ) .  The 
r e d u c t i o n  i n  n i t r o g e n  f i x a t i o n  i n  t h e  f o u r t h  week f o r  1 , 2 ,  2  ppm 
A1 + N was 10,  16 ,  and 96 p e r c e n t ,  r e s p e c t i v e l y .  Nodule w e i g h t  i n  
r e d  c l o v e r  was a l s o  r e d u c e d  by t h e  A1, b u t  t h e  i n h i b i t i o n  i n  n o d u le  
growth and n i t r o g e n  f i x a t i o n  wasr n o t  r e f l e c t e d  i n  y i e l d  (T a b le  2 0 ) .
Red c l o v e r  y i e l d s  were  n o t  r e d u c e d  by t h e  p r e s e n c e  o f  A1. The p e r c e n t  
r e d u c t i o n  i n  r e d  c l o v e r  n i t r o g e n  f i x a t i o n  i n  t h e  f o u r t h  week a t  2  ppm 
A1 was 16 p e r c e n t  which i s  smal l  compared t o  t h e  72 p e r c e n t  r e d u c t i o n  
i n  f i x a t i o n  f o r  a l f a l f a .
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T a b le  19.  N i t r o g e n  f i x a t i o n  f o r  r e d  c l o v e r  a t  1 ,  2 ,  2 ppm A1 + N
e x p r e s s e d  as  a p e r c e n t  o f  t h e  a c t i v i t y  a t  0 ppm A1 (100%).
T r e a t m e n t 1
Weeks
2 3 4
0 ppm A! 1 0 0
%
1 0 0 1 0 0 1 0 0
1 ppm A1 1 0 0 8 8 95 1 0
2 ppm A1 1 0 0 92 97 84
2 ppm A1 + N 1 0 0 37 1 0 4
E f f e c t s  o f  F e r t i l i z e r  N i t r o g e n on N i t r o g e n F i x a t i o n  and N i t r a t e R ed u c t io n
i n  A l f a l f a  and Red C l o v e r
In  t h i s  e x p e r i m e n t ,  a l f a l f a  and r e d  c l o v e r  were grown a t  0 and 60 
kg N/ha i n  a s o i l  o f  pH 5 . 6 .  P l a n t s  we re  h a r v e s t e d  we ek ly  f o r  two 
months  f o r  y i e l d ,  n i t r o g e n  f i x a t i o n ,  n o d u l a t i o n ,  and n i t r a t e  r e d u c t i o n .
For b o th  l e g u m e s ,  t h e  a p p l i c a t i o n  o f  N s e v e r e l y  r e s t r i c t e d  n i t r o g e n  
f i x a t i o n  ( F i g u r e s  4 and 5) w i t h o u t  r e d u c i n g  y i e l d  ( T a b le s  21 and 2 2 ) .  
A l f a l f a  i s  known t o  a c q u i r e  60 t o  90 p e r c e n t  o f  i t s  n i t r o g e n  v i a  f i x a ­
t i o n  w h i l e  t h e  f i g u r e s  f o r  r e d  c l o v e r  r a n g e  from 20 t o  40 p e r c e n t  
(V a n c e ,  1 978) .  T h i s  r e l a t i v e  r e l a t i o n s h i p  i s  r e f l e c t e d  i n  t h e  l ow er  
f i x a t i o n  o f  c l o v e r  compared t o  a l f a l f a  i n  t h e  s o i l  w i t h o u t  N ( F i g u r e s  4 
and 5 ) .  N i t r a t e  r e d u c t a s e  a c t i v i t y  i n  c l o v e r  was two t o  f i v e  t i m e s  t h e  
r a t e  i n  a l f a l f a  which i n d i c a t e s  t h a t  r e d  c l o v e r  i s  more d e p e n d e n t  on 
s o i l  n i t r a t e  f o r  i t s  N s u p p l y .
T a b l e  20.  E f f e c t s  o f  aluminum on t h e  y i e l d ,  n o d u le  number,  n o d u le  w e i g h t ,  and n i t r o g e n  f i x a t i o n  o f  r e d
c l o v e r  grown a e r o p o n i c a n y .  Each v a l u e  i s  t h e  mean o f  f o u r  r e p l i c a t i o n s .
Week T re a t m e n t Y ie ld
Nodule number 
p e r  p l a n t
Weight 
p e r  no du le
N i t r o g e n
f i x a t i o n
m g / p l a n t mg nM C2 H4 / h r / n o d u l
1 0 ppm A1 15 .6 a* 2 4 .9  a 0 .3 0 b 1 4 .5  b
1 ppm A1 1 7 .2 a 3 5 .9  a 0 .3 3 b 15.1 b
2 ppm A1 1 6 .6 a 3 6 .0  a 0 .3 0 b 1 6 .5  b
2 ppm A1 + N 1 4 .6 a 38.1 a 0 .2 6 a 1 4 .2  b
2 0 ppm A1 3 7 .8 b 3 4 . 4  a 0.41 c 3 0 . 4  c
1 ppm A1 4 2 .0 b 3 4 .9  a 0.51 d 2 6 .8  c
2 ppm A1 3 5 .2 b 4 1 . 5  a 0 . 4 4 cd 28.1 b
2 ppm A1 + N 38 .4 b 4 0 . 4  a 0 .4 0 c 1 0 . 6  b
3 0 ppm A1 8 5 . 4 c 3 7 .3  a 1 . 0 0 g 42.1 d
1 ppm A1 9 6 .4 c 3 8 .3  a 0 .7 6 f 4 0 . 5  d
2 ppm A1 8 7 .0 c 38.1 a 0 .6 4 e 4 0 . 8  d
2 ppm A1 + N 8 0 .0 c 39 .2  a 0 .3 3 b 4 . 0  ab
4 0 ppm A1 124 .6 d 2 0 . 8  a 1 .13 g 57 .0  e
1 ppm A1 1 2 2 . 0 d 3 3 .9  a 1 . 1 2 g 5 1 .0  e
2 ppm A1 1 2 2 . 0 d 36. 9 a 0 . 6 3 e 4 8 . 3  de
2 ppm A1 + N 129 .0 d 42.1 a 0 . 2 1 a 2 . 0  a
*Means w i t h i n  a column f o l l o w e d  by t h e  same l e t t e r  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  a t  t h e  0 . 0 5  p e r c e n t  l e v e l  
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F ig u r e  4 .  I n f l u e n c e  o f  f e r t i l i z e r  n i t r o g e n  on n i t r o g e n  f i x a t i o n  
and n i t r a t e  r e d u c t i o n  i n  r e d  c l o v e r .  N i t r o g e n  f i x a t i o n  
a t  0 kg N/ha O  , a t  60 kg N/ha  #  . N i t r a t e  r e d u c t i o n  
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F i g u r e  5 .  I n f l u e n c e  o f  f e r t i l i z e r  n i t r o g e n  on n i t r o g e n  f i x a t i o n  and 
n i t r a t e  r e d u c t i o n  i n  a l f a l f a .  N i t r o g e n  f i x a t i o n  a t  
0 kg N/ha O  ,  a t  60 kg N/ha •  . N i t r a t e  r e d u c t i o n  a t  0 kg 
N/ha □ ,  a t  60 kg N/ha  ■ .
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T a b l e  21 .  I n f l u e n c e  o f  n i t r o g e n  f e r t i l i z e r  on t h e  y i e l d ,  n o d u l e  num ber , 
and w e i g h t  p e r  n o d u le  f o r  a l f a l f a  o v e r  an e i g h t - w e e k  p e r i o d . 
Each v a l u e  i s  t h e  mean o f  t h r e e  r e p l i c a t i o n s .
Date N i t r o g e n
Y ie ld  
p e r  p l a n t
Nodule number 
p e r  p l a n t
Weight  
p e r  n o d u le
mg mg
4/11 _ 4 6 . 8  a* 1 2 . 0  a 0 . 8  abc
+ 5 0 . 8  a 1 2 . 0  a 0 . 4  a
4 / 1 8 _ 7 1 .4  a 1 1 .9  a 1 . 3  cd
+ 6 1 . 6  a 1 2 . 4  a 0 . 5  ab
4 / 2 5 _ 1 3 5 .0  be 1 1 . 1  a 1 . 9  e
+ 1 1 1 . 6  b 1 1 . 1  a 1 . 0  bed
5 /2 1 7 0 .8  d 1 1 . 5  a 2 . 6  f
+ 1 6 0 . 4  cd 1 1 . 8  a 0 . 6  a
5 / 9 _ 3 2 7 . 4  e f 1 2 . 5  a 1 . 9  e
+ 2 9 9 .6  e 1 2 . 2  a 1 . 4  de
5 /1 6 _ 3 7 2 .6  h 1 1 . 6  a 4 . 3  g
+ 3 6 0 .4  gh 1 1 . 3  a 1 . 5  de
5 /2 4 3 6 0 .0  gh 1 1 . 7  a 2 . 5  f
+ 3 4 6 .2  fgh 1 1 . 0  a 1 . 0  bed
5 /30 3 6 1 .0  gh 1 1 .9  a 2 . 8  f
+ 3 4 1 . 8  fg 1 0 . 3  a 1 . 3  cd
*Means w i t h i n  a column f o l l o w e d  by t h e  same l e t t e r  a r e  n o t  
s i g n i f i c a n t l y  d i f f e r e n t  a t  t h e  0 . 0 5  p e r c e n t  l e v e l  a c c o r d i n g  
t o  D uncan 's  New M u l t i p l e  Range T e s t .
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T a b l e  22.  I n f l u e n c e  o f  n i t r o g e n  f e r t i l i z e r  on r e d  c l o v e r  . y i e l d ,  n o d u le  
number ,  and w e i g h t  p e r  n o d u le  o v e r  an e i g h t - w e e k  p e r i o d .
Each v a l u e  i s  t h e  mean o f  t h r e e  r e p l i c a t i o n s .
Date N i t r o g e n
Y ie ld  
p e r  p l a n t
Nodule  number 
p e r  p l a n t
Weight  
p e r  n o d u le
mg mg
4/11 3 5 . 6  a* 1 3 . 4  abc 0 . 6  abc
+ 2 2 . 0  a 1 1 . 6  a 0 . 9  cd
4 / 1 8 _ 5 8 .6  a 1 4 . 5  abc 0 . 4  a
+ 5 5 . 4  a 13.1 abc 0 . 8  be
4 /2 5 1 2 9 .2  b 1 1 . 6  a 0 . 8  be
+ 1 3 2 .6  b 1 2 . 1  ab 0 . 9  cd
5 /2 _ 1 9 6 .6  c 1 5 . 4  c 0 . 5  ab
+ 1 8 2 .4  c 1 4 .2  abc 0 . 5  ab
5 /9 _ 3 8 4 . 8  de 15.1 be 0 . 6  abc
+ 3 7 6 .6  d 1 4 .9  be 0 . 4  a
5 /16 4 0 4 . 8  e f 1 9 .5  de 0 . 6  abc
+ 3 8 1 .3  de 19.1  d 0 . 5  ab
5 /2 4 4 1 2 .2  f 2 4 . 3  fg 0 . 9  cd
+ 4 1 3 . 8  f 2 2 . 6  e f 0 . 6  ab c
5 /30 4 1 9 . 6  f 26.1 g 1 . 2  d
+ 4 1 6 .2  f 3 2 . 0  h 0 . 5  ab
*Means w i t h i n  a column f o l l o w e d  by t h e  same l e t t e r  a r e  n o t  
s i g n i f i c a n t l y  d i f f e r e n t  a t  t h e  0 . 0 5  p e r c e n t  l e v e l  a c c o r d i n g  
t o  Duncan 's  New M u l t i p l e  Range T e s t .
7T
Nodule w e i g h t  i n  a l f a l f a  was s i g n i f i c a n t l y  r e d u c e d  by t h e  a d d i t i o n  
o f  N; i n  t h e  f o u r t h  week ,  t h e  w e i g h t  p e r  n o d u le  f o r  a l f a l f a  grown a t  
0 and 60 kg N/ha was 2 . 5  and 0 . 6  mg, r e s p e c t i v e l y .  Chen and P h i l l i p s  
(1 97 7)  r e p o r t e d  n o d u le  s e n e s c e n c e  i n  g a r d en  pea when n i t r a t e  was added 
t o  t h e  s o i l .  C l o v e r  n o d u l e s  were a l s o  r e d u ced  i n  w e i g h t ,  b u t  t h e  
p e r c e n t  r e d u c t i o n  was much l e s s  t h a n  f o r  a l f a l f a .  A l f a l f a  may be more 
d ep e n d e n t  on s o i l  n i t r a t e  a t  pH 5 . 6  s i n c e  g ro wing  c o n d i t i o n s  a r e  n o t  
c o n s i d e r e d  o p t im a l  f o r  n o d u l e  growth (Munns, 1 9 6 5 a ) .  P r e v i o u s  e x p e r i ­
ments  have shown t h a t  t h e  r e d u c t i o n  o f  A! l e v e l s  and t h e  i n c r e a s e  i n  
P a r e  more c r i t i c a l  t h a n  r e a c h i n g  a pH o f  6 . 0 .  The s o i l  u sed  i n  t h i s  
e x p e r i m e n t  had l e s s  t h a n  4 ppm A1, and t h e  l e v e l  o f  P ex ceeded  25 ppm 
which i s  c o n s i d e r e d  a medium t o  h ig h  l e v e l  (O lse n  and Dean,  1 9 6 9 ) .
S e v e r a l  a u t h o r s  have shown s e v e r e  i n h i b i t i o n  o f  n o d u l a t i o n  in  
a l f a l f a  by s o i l  N (H e i c h e l  and Vance,  1977;  Munns,  1968a ;  T h o r t o n ,  1936;  
Vance,  1 978) .  He ic he l  and Vance d e m o n s t r a t e d  a 40 p e r c e n t  r e d u c t i o n  
i n  n o d u le  number a t  50 ppm N, and Munns found t h a t  as  l i t t l e  as  3 ppm N 
i n  s o l u t i o n  r e d u ced  n o d u le  number by 90 p e r c e n t .  The mechanism o f  
n i t r a t e  i n t e r f e r e n c e  i n  n o d u l a t i o n  i s  n o t  c o m p l e t e l y  u n d e r s t o o d .
Chen and P h i l l i p s  (1977)  d e m o n s t r a t e d  t h a t  n i t r a t e  s u p p l i e d  t o  t h e  
l e a v e s  o f  g a r d en  pea d i d  n o t  c a u s e  n o d u le  s e n e s c e n c e  which i n d i c a t e s  
t h a t  n i t r a t e  does  n o t  b r i n g  a b o u t  n o d u le  i n h i b i t i o n  by com pe t ing  w i t h  
f i x a t i o n  f o r  p h o t o s y n t h a t e .  Munns (1 9 6 8 b ,  1977)  s u g g e s t e d  t h a t  t h e  
Rhizobium c o n v e r t s  n i t r a t e  t o  n i t r i t e  w h ic h ,  i n  t u r n ,  i n h i b i t s  p r o ­
d u c t i o n  o f  t h e  IAA r e q u i r e d  i n  t h e  i n f e c t i o n  p r o c e s s .
The i n c r e a s e  i n  n i t r a t e  r e d u c t i o n  a t  t h e  ex p e n se  o f  n i t r o g e n  f i x a ­
t i o n  s u g g e s t s  a p r e f e r e n c e  f o r  n i t r a t e  as  t h e  N s u p p l y .  In  t h i s
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e x p e r i m e n t ,  t h e  a v a i l a b i l i t y  o f  s o i l  n i t r a t e  b r o u g h t  a b o u t  a 60 p e r c e n t  
i n c r e a s e  i n  n i t r a t e  r e d u c t a s e  a c t i v i t y  i n  a l f a l f a  and a 30 p e r c e n t  
i n c r e a s e  i n  r e d  c l o v e r .  Gibson (1977)  i n d i c a t e s  t h a t  bot h  n i t r a t e  
a s s i m i l a t i o n  and n i t r o g e n  f i x a t i o n  r e q u i r e  s i m i l a r  amounts o f  e n e r g y .  
S i l s b u r y  (1977)  d e m o n s t r a t e d  t h a t  t h e  e n e rg y  i n v o l v e d  i n  i n f e c t i o n ,  
no d u le  g r o w t h ,  t r a n s l o c a t i o n  and s y n t h e s i s  i n  n i t r o g e n  f i x a t i o n  i s  
much more o f  an en e r g y  d r a i n  on t h e  h o s t  p l a n t  t h a n  n i t r a t e  a s s i m i l a t i o n .
A l f a l f a  and r e d  c l o v e r  y i e l d s  were  n o t  s i g n i f i c a n t l y  i n c r e a s e d  by 
t h e  a p p l i e d  N ( T a b le s  21 and 2 2 ) .  S i m i l a r  r e s u l t s  have  been shown f o r  
a v a r i e t y  o f  legumes (Hardy and H a v e lk a ,  1976;  Lawn and B ru n ,  1974;  
H a r p e r ,  1 9 7 4 ) .  T h i s  i n e f f e c t i v e n e s s  o f  a p p l i e d  N has  been a t t r i b u t e d  
t o  t h e  co m pensa to ry  d e c r e a s e  i n  n i t r o g e n  f i x a t i o n  t h a t  a p p r o x im a te s  
t h e  i n c r e a s e  i n  n i t r a t e  a s s i m i l a t i o n  due t o  t h e  f e r t i l i z e r  N. Hardy 
and Havelka  (1 976)  found t h a t  an i n c r e a s e  i n  a m b ie n t  CO2  l e v e l s  i n  t h e  
a tm o s p h e re  b r o u g h t  a b o u t  f i v e  t o  s i x  f o l d  i n c r e a s e s  i n  n i t r o g e n  f i x a ­
t i o n  and do u b led  t h e  y i e l d  o f  s o y b e a n s .  T h i s  i n d i c a t e s  t h a t  f o r  
n i t r o g e n  f i x a t i o n ,  t h e  l i m i t i n g  f a c t o r  i s  t h e  s u p p l y  o f  p h o t o s y n t h a t e  
t o  t h e  n o d u l e s .
I n f l u e n c e  o f  S o i l  Amendments and Rhizobium S t r a i n  on t h e  N o d u l a t i o n  o f  
A l f a l f a  and Red C lo v e r
Two e x p e r i m e n t s  were co n d u c te d  on t h e  r e l a t i o n s h i p  o f  s o i l  a c i d i t y  
and t h e  e f f e c t i v e n e s s  o f  Rhizobium s t r a i n s  t o  t h e  n o d u l a t i o n  o f  r ed  
c l o v e r  a n d / o r  a l f a l f a .
S tu dy  1:  I n t e r a c t i o n s  o f  Rhizobium m e l i l o t i  S t r a i n ,  A l f a l f a
V a r i e t y  and S o i l  pH. The a n a l y s i s  o f  v a r i a n c e  i n d i c a t e d  t h a t  s i g n i ­
f i c a n t  i n t e r a c t i o n s  e x i s t e d  between s t r a i n ,  v a r i e t y  and pH t h a t  had a
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s i g n i f i c a n t  i n f l u e n c e  on n i t r o g e n  f i x a t i o n  ( T a b le  2 3 ) .  The d a t a  showed 
t h a t  a l f a l f a  i n o c u l a t e d  w i t h  JR. me! i  1 o t i  s t r a i n s  F51 and F77 had t h e  
l o w e s t  n i t r o g e n  f i x a t i o n  r a t e s  r e g a r d l e s s  o f  v a r i e t y  o r  s o i l  pH ( T a b le  
2 4 ) .  At  s o i l  pH 5 . 0 ,  n i t r o g e n  f i x a t i o n  r a t e s  ra n g e d  from 10 t o  134 
nM C2 H4 / h r / p l a n t s ; N o r th r u p  King (NK) a l f a l f a  i n o c u l a t e d  w i t h  s t r a i n  
F66 had t h e  h i g h e s t  r a t e .  A l f a l f a  i n o c u l a t e d  w i t h  R.. m e ! i l o t i  s t r a i n s  
F52,  F66, and F70 d e m o n s t r a t e d  n i t r o g e n  f i x a t i o n  r a t e s  i n  e x c e s s  o f  
450 nM C2 H4 / h r / p l a n t  a t  s o i l  pH 5 . 5 .  S a r a n a c  a l f a l f a  i n o c u l a t e d  w i th  
s t r a i n  F52 and Arc a l f a l f a  i n o c u l a t e d  w i t h  s t r a i n  F70 had n i t r o g e n  
f i x a t i o n  r a t e s  a t  pH 6 . 0  o f  1512 and 1318 nM C2H4 / h r / p l a n t ,  r e s p e c ­
t i v e l y .  The n i t r o g e n  f i x a t i o n  d a t a  showed t h a t  no one c o m b i n a t i o n  o f  
R. m e ! i 1o t i  s t r a i n  and a l f a l f a  v a r i e t y  was t h e  b e s t  match a t  a l l  pH 
l e v e l s .  A l f a l f a  i n o c u l a t e d  w i t h  s t r a i n s  F52,  F66, and F70,  ho wever ,  
d e m o n s t r a t e d  t h e  h i g h e s t  f i x a t i o n  r a t e s  o f  t h e  s t r a i n s  t e s t e d .
The p l a n t s  w i t h  t h e  h i g h e s t  f i x a t i o n  r a t e s  had t h e  most  n o d u le s  
( T a b le  2 5 ) .  N o r th r u p  King a l f a l f a  i n o c u l a t e d  w i t h  s t r a i n  F66 a v e r a g e d  
1 9 .7  n o d u le s  p e r  p l a n t  a t  pH 5 . 0  and 2 3 . 0  n o d u le s  p e r  p l a n t  a t  pH 5 . 5 .  
At  pH 6 . 0 ,  Arc a l f a l f a  i n o c u l a t e d  w i t h  s t r a i n  F70 and S a r a n a c  a l f a l f a  
i n o c u l a t e d  w i t h  s t r a i n  F52 had 2 3 . 7  and 2 0 . 0  n o d u le s  p e r  p l a n t ,  r e s p e c ­
t i v e l y .
S e v e r a l  s t u d i e s  have shown t h a t  n i t r o g e n  f i x a t i o n  i s  o p t im a l  
when t h e  m os t  e f f e c t i v e  b a c t e r i a  i s  combined w i t h  t h e  b e s t  p l a n t  
v a r i e t y  ( B o l t o n ,  1972;  G ib s o n ,  1962;  P u rc h a s e  and Nutman,  1 9 5 7 ) .
B o l to n  i n d i c a t e d  t h a t  n i t r o g e n  f i x a t i o n  can v a r y  from l e s s  t h a n  2 . 0  
mg N t o  o v e r  5 mg N / p l a n t / d a y .  S e e t i n  and B a r n e r  (1977)  t e s t e d  t h e  
n i t r o g e n  f i x a t i o n  o f  t e n  d i f f e r e n t  a l f a l f a  c l o n e s  v i a  a c e t y l e n e
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T a b l e  23 .  The F r a t i o s  from t h e  a n a l y s i s  o f  v a r i a n c e  f o r  Rhizobium
m e l i l o t i  s t r a i n ,  a l f a l f a  v a r i e t y , and s o i l  pH. Data  a r e
from Gre en ho us e  E x p e r im e n t .
S o u r c e Df Y i e l d
Nodule
number
N i t r o g e n
f i x a t i o n
S t r a i n  (S) 6 3 .7 9  ♦♦ 29.1 ♦♦ 1 3 2 .7  ♦♦
V a r i e t y  (V) 2 5 . 7 0  ♦♦ 3 . 8  ♦♦ 2 2 . 4  ♦♦
pH (P) 2 8 4 .9 2  ♦♦ 1 6 4 .6  ♦♦ 1 8 04 .5  ♦♦
S x V 12 ns 5 . 3  ♦♦ 2 5 . 5  ♦♦
S x P 12 ns 4 . 9  ♦♦ 3 6 . 8  ♦♦
V x P 4 ns ns 14.1 ♦♦
S x V x P 24 ns 3 . 3  ♦ 1 6 .9  ♦♦
♦ s i g n i f i c a n t  a t  t h e  
♦ ♦ s i g n i f i c a n t  a t  t h e
0 . 0 5  p e r c e n t  l e v e l . 
0 .01 p e r c e n t  l e v e l .
ns n o t  s i g n i f i c a n t
Ta b le  24 . Rates o f  n i t ro g e n  f i x a t i o n  f o r  th re e  v a r i e t i e s  o f  a l f a l f a  in o c u la te d  w i th  the  seven s t r a in s  o f
Rhizobium m e ! i l o t i  a t  pH 5 . 0 ,  5 . 5 ,  and 6 . 0 .  Each v a l u e  i s  t h e  mean o f  t h r e e  r e p l i c a t i o n s .
pH V a r i e t y 51 52 66
S t r a i n s
70 73 77 82
5 . 0 Arc A l -1 4 10 aA* 17 aA
uM C2 H4 / h r / p l a n t  
56 aC 95 bE 77 cD 36 aB 39 aB
S a ra n ac 50 bCD 24 aA 73 bE 44 aC 18 aA 34 aB 59 bD
NK7-5 43 bD 56 bCD 134 cE 47 aBC 42 bB 33 aA 64 bD
5 .5 Arc  A l -1 4 134 aA 230 aB 296 aBC 531 aD 330 bC 73 aA 340 bC
S a r a n a c 215 bB 578 cD 302 aB 599 aD 256 bB 82 aA 434 cC
NK7-5 212 bA 496 bB 499 cB 537 aB 156 aA 206 bA 256 aA
6 . 0 Arc A l - 1 4 375 a A 689 aC 745 bCD 1318 bE 528 bB 283 aA 850 bD
S a r a n a c 548 bB 1512 bD 727 aC 752 aC 256 aA 598 bB 599 aB
NK7-5 660 bBC 745 aCD 452 aAB 870 aD 456 bB 300 aA 764 bCD
* W i th in  each pH, means i n  a column f o l l o w e d  by t h e  same sm al l  l e t t e r  and means i n  a row fo l l o w e d  
by t h e  same c a p i t a l  l e t t e r  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  a t  t h e  0 . 0 5  p e r c e n t  l e v e l  a c c o r d i n g  
t o  Duncan ' s  New M u l t i p l e  Range T e s t .
Ta b le  2 5 .  Nodule number f o r  the  th re e  v a r i e t i e s  o f  a l f a l f a  in o c u la te d  b,y the  seven s t r a in s  o f  Rhizobium
m e ! i l o t i  a t  pH 5 . 0 ,  5 . 5 ,  and 6 . 0 .  Each v a l u e  i s  t h e  mean o f  t h r e e  r e p l i c a t i o n s .
S t r a i ns
pH Vari  e t y 51 52 66 70 73 77 82
n o d u le n u m b e r / p l a n t
5 . 0 Arc A l -1 4 3 .7 bAB* 3 . 7 aAB 5 . 7 aC 9 . 7 bD 4 . 0 bB 6 . 7 bC 2 .7 aA
S ar a n ac 2 . 3 aA 5 .3 bC 9 . 0 bD 4 . 0 aB 2 . 0 aA 2 . 3 aA 3 . 7 aB
NK7-5 1 . 3 aA 3 . 3 aB 1 9 .7 cD 6 . 0 aC 3 .3 bB 2 .7 aB 6 . 0 bC
5 . 5 Arc Al-1 4 7 .0 aA 10 .7 aC 9 . 3 aB 1 6 .0 bD 9 . 0 bB 7 . 0 bA 1 1 .0 bC
S a ra n a c 7 .0 aB 1 5 .0 bD 1 1 .3 aC 1 7 .7 bD 6 . 3 aAB 4 . 3 aA 1 0 .7 bC
NK7-5 1 0 .6 bB 1 9 .3 cC 2 3 .0 bC 1 4 .0 aB 1 0 .3 bB 5.1 abA 5 .7 aA
6 . 0 Arc Al-1 4 1 1 .0 aB 1 5 .3 aC 1 2 .0 aB 2 4 .0 bD 11 .7 aB 5 .0 aA 1 6 .0 bC
S a ra n ac 8 . 3 aA 2 0 .0 bE 14 .0 aD 1 0 .3 aB 1 0 .7 aBC 1 1 .7 bC 9 . 3 aAB
NK7-5 1 0 .0 aB 2 3 .0 bD 2 3 .0 bD 12 .7 aC 1 1 .0 aBC 6 . 7 aA 1 1 .0 aBC
*  W ith in  each pH, means in  a column fo l lo w e d  by the  same small l e t t e r  and means in  a row fo l lo w e d
by th e  same c a p i t a l  l e t t e r  a re  not s i g n i f i c a n t l y  d i f f e r e n t  a t  the  0 .0 5  pe rcen t le v e l  accord ing
to  Duncan's New M u l t i p l e  Range T e s t .
77
r e d u c t i o n  and found  a r a n g e  o f  f i x a t i o n  f rom 0 . 4 7  t o  2 .0 9  uM CjjH^/hr /  
p l a n t .  A c c o r d in g  t o  Vance ( 1 9 7 8 ) ,  t h e  d i f f e r e n c e  i n  f i x a t i o n  i s  due 
t o  v a r i a t i o n  i n  t h e  b a c t e r i a  and t h e  h o s t  p l a n t .
A l f a l f a  y i e l d s  were s i g n i f i c a n t l y  i n f l u e n c e d  by R. m e ! i 1o t i  s t r a i n ,  
a l f a l f a  v a r i e t y  and s o i l  pH (T a b le  2 6 ) .  A l l  Rhizobium s t r a i n - v a r i e t i e s  
t h a t  gave h igh f i x a t i o n  r a t e s  d e m o n s t r a t e d  h ig h  y i e l d s  b u t  n o t  a l l  t h e  
h ig h  y i e l d s  were  from su ch  a c o m b i n a t i o n .  At  pH 5 . 0 ,  f o u r  co m b i n a t i o n s  
o f  s t r a i n  and v a r i e t y  had y i e l d s  t h a t  ex c eed e d  165 mg p e r  p l a n t ,  b u t  
o n l y  one o f  t h e s e  c o m b i n a t i o n s  d e m o n s t r a t e d  h igh n i t r o g e n  f i x a t i o n  
r a t e s ;  i . e . ,  NK a l f a l f a  i n o c u l a t e d  w i t h  s t r a i n  F66. The d a t a  i n d i c a t e s  
t h a t  o t h e r  f a c t o r s  a f f e c t  y i e l d  i n  a l f a l f a  b e s i d e s  n i t r o g e n  f i x a t i o n .
The s o i l  a n a l y s i s  i n d i c a t e d  medium l e v e l s  o f  n i t r o g e n  which may have 
p l a y e d  a more i m p o r t a n t  r o l e  i n  growth where  n i t r o g e n  f i x a t i o n  r a t e s  
we re  low.
Al though  some o f  t h e  s t r a i n - v a r i e t y  i n t e r a c t i o n s  l e d  t o  s i g n i f i ­
c a n t l y  h i g h e r  n i t r o g e n  f i x a t i o n  r a t e s  and y i e l d s ,  t h e r e  i s  no g u a r a n t e e  
t h a t  t h e  c o m b i n a t i o n  would  g i v e  s i m i l a r  r e s u l t s  i n  t h e  f i e l d .  A ccord ing  
t o  Evans (1 975)  l i t t l e  s u c c e s s  has  been o b t a i n e d  i n  e s t a b l i s h i n g  i n t r o ­
duced Rhizobium i n  t h e  f i e l d  w i t h  h igh  n a t i v e  p o p u l a t i o n s .  The i n t r o ­
duced s t r a i n s  c a n n o t  compete  w i t h  t h e  we l l  e s t a b l i s h e d  n a t i v e  p o p u l a ­
t i o n s .  Evans s t a t e s  t h a t  methods  must  be found t o  enh ance t h e  com­
p e t i t i o n  o f  s e l e c t e d  s t r a i n s  from l a b o r a t o r y  and g r e e n h o u s e  s t u d i e s  
o r  t h e s e  s t r a i n s  w i l l  n o t  be a b l e  t o  be u t i l i z e d .  Keyse r  and Munns 
(1979 a ,  1979b) and Keyser  e t  al_. (1979)  s e l e c t e d  s t r a i n s  o f  cowpea 
and soy bean Rhizobium from c u l t u r e  t h a t  w e re  t o l e r a n t  t o  s o i l  A1 and 
a c i d i t y .  The a u t h o r s  i n d i c a t e d  t h a t  t h e  s t r a i n s  t o l e r a n t  i n  c u l t u r e
Ta b le  26. Y ie ld  o f  th e  th re e  v a r i e t i e s  o f  a l f a l f a  in o c u la te d  w i th  the  seven s t r a in s  o f  Rhizobium m e ! i l o t i
a t  pH 5 . 0 ,  5 . 5 ,  and 6 . 0 .  Each v a l u e  i s  t h e  mean o f  t h r e e  r e p l i c a t i o n s .
pH V a r i e t y 51 52 66
S t r a i  ns 
70 73 77 82
5 .0 Arc A l -1 4 141 abA* 140 abA 134 aA
m g / p l a n t  
189 bB 144 aA 142 aA 158 aA
S a r a n a c 174 bB 152 bAB 168 bB 135 aA 149 aAB 156 aAB 129 aA
NK7-5 111 aA 117 aA 167 bC 154 aBC 131 aAB 133 aAB 130 aAB
5 .5 Arc A l -1 4 244 bBC 195 abA 218 aAB 235 bBC 245 aC 211 abAB 228 bABC
S a r a n a c 168 aA 227 bBC 256 abC 204 bB 224 aB 174 aA 208 abB
NK7-5 140 aA 186 aBC 288 bE 167 aAB 203 aCD 225 bD 180 aBC
6 . 0 Arc A l -1 4 212 aA 346 aB 343 aB 380 aB 399 bB 337 aB 335 aB
S a ra n ac 249 aA 508 cD 363 aBC 422 aC 384 abB 359 aB 323 aB
NK7-5 212 aA 439 bD 410 aD 413 aD 310 aBC 371 aCD 281 aAB
*  W ith in  each pH, means in  a column fo l lo w e d  by th e  same small l e t t e r  and means in  a row fo l lo w e d
by the  same c a p i t a l  l e t t e r  a re  not s i g n i f i c a n t l y  d i f f e r e n t  a t  the  0 .0 5  pe rcen t le v e l  accord ing
to  Duncan's New M u l t i p l e  Range T e s t .
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d i d  n o t  a lways  c o r r e s p o n d  t o  t h e  r e s u l t s  i n  t h e  f i e l d .  S t r a i n  compe­
t i t i o n  was c i t e d  as  one s o u r c e  o f  t h e  p ro b lem .
S tu d y  2:  I n f l u e n c e  o f  A p p l i e d  Lime and Pho spho rus  and t h e  P r e s e n c e
o f  t h e  H os t  P l a n t  on t h e  E f f e c t i v e n e s s  o f  Rhizobium in  t h e  N o d u l a t i o n  
o f  A l f a l f a  and Red C l o v e r . In t h i s  e x p e r i m e n t ,  a l f a l f a  and r e d  c l o v e r  
we re  sown i n  b o th  t h e  i n o c u l a t e d  and u n i n o c u l a t e d  c o n d i t i o n  i n t o  s o i l  
c o l l e c t e d  from two f i e l d  e x p e r i m e n t s  -  t h e  Harmony H i l l  Farm e x p e r i m e n t  
w i t h  d o l o m i t i c  l i m e s t o n e  and t h e  D em er i t  e x p e r i m e n t  w i t h  d o l o m i t i c  
and h y d r a t e d  l i m e s t o n e  i n  c o m b i n a t i o n  w i t h  s u p e r p h o s p h a t e  t r e a t m e n t s .
A m o d i f i e d  v e r s i o n  o f  a s c o r i n g  s y s t em  o f  R ice  e t  al_. (1 977)  which 
i n c l u d e s  n o d u le  c o l o r ,  p o s i t i o n ,  number ,  and s i z e  was us ed  t o  measur e  
n o d u l a t i o n  ( T a b le  2 7 ) .
Th i s  n o d u le  s c o r i n g  sys tem  p r e s e n t s  s e v e r a l  a d v a n ta g e s  o v e r  t h e  
r e c o r d i n g  o f  n o d u le  w e i g h t  and number .  The s y s t em  t a k e s  i n t o  a c c o u n t  
f o u r  v a r i a b l e s  i n  n o d u l a t i o n  p a t t e r n s  and b a l a n c e s  them t o g e t h e r  i n t o  
one r e s u l t .  The s c o r i n g  s y s t em  a l l o w s  f o r  r a p i d  e s t i m a t i o n  o f  t h e  
n o d u l a t i o n  p a t t e r n  w i t h o u t  t h e  p a i n s t a k i n g  method o f  n o d u le  r e m o v a l ,  
c o u n t i n g ,  and w e ig h i n g .
S e e d in g  d a t e  and i n o c u l a t i o n  had a s i g n i f i c a n t  i n f l u e n c e  on t h e  
n o d u l a t i o n  s c o r e  o f  a l f a l f a  s ee d e d  i n  t h e  s o i l  from t h e  Harmony H i l l  
Farm ( T a b le  2 8 ) .  The o l d e r  t h e  s e e d i n g ,  t h e  l e s s  i n f l u e n c e  t h e  i n o c u -  
l a n t  had on t h e  n o d u l a t i o n  o f  a l f a l f a .  A l f a l f a  grown i n  t h e  s o i l  t a k e n  
from t h e  May 1978 s e e d i n g  showed s c o r e s  o f  9 . 6  and 9 . 2  f o r  i n o c u l a t e d  
and u n i n o c u l a t e d  p l a n t s .  The two f a c t o r s  t h a t  changed  f o r  a l f a l f a  
we re  n o d u le  c o l o r  and s i z e ;  t h e  p l a n t s  sown i n t o  t h e  s o i l  t a k e n  from t h e  
May 1978 s e e d i n g  d a t e  had l a r g e r  and more a c t i v e  n o d u l e s .
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T a b l e  27.  B r i e f  d e s c r i p t i o n  o f  t h e  n o d u l e  s c o r i n g  s y s t em  u sed  t o  e v a l u a t e  
n o d u l a t i o n  i n  a l f a l f a  and r e d  c l  o v e r J
Nodule
f a c t o r
H i g h e s t
s c o r e D e s c r i p t i o n
C o lo r 4 p e r c e n t  p in k  no d u les
P o s i t i o n 4 p e r c e n t  o f  t h e  t o t a l  n o d u le s  
w i t h i n  5 cm o f  t h e  crown
Number 5 t o t a l  n o d u le  number
S i z e 3 n o d u le  d i a m e t e r
V o r  a more c o m p le t e  d e s c r i p t i o n  o f  t h e  s c o r i n g  s y s t e m ,  
s e e  T a b le  4.
Red c l o v e r  sown i n t o  t h e  s o i l  from t h e  Harmony H i l l  Farm behaved 
d i f f e r e n t l y  t h a n  t h e  a l f a l f a .  The u n i n o c u l a t e d  p l a n t s  gave h i g h e r  
s c o r e s  t h a n  t h e  i n o c u l a t e d  p l a n t s ,  and t h i s  d i f f e r e n c e  was a s s o c i a t e d  
w i t h  s e e d i n g  d a t e  ( T a b le  2 9 ) .  For r e d  c l o v e r  grown i n  t h e  s o i l  from 
t h e  May 1978 s e e d i n g  d a t e ,  t h e  n o d u l a t i o n  s c o r e  f o r  i n o c u l a t e d  and 
u n i n o c u l a t e d  p l a n t s  was 2 . 2  and 4 . 2 ,  r e s p e c t i v e l y .  The n o d u l a t i o n  
s c o r e  f o r  c l o v e r  i n  s o i l  from t h e  May 1979 s e e d i n g  d a t e  f o r  i n o c u l a t e d  
and u n i n o c u l a t e d  was 3 . 9  and 4 . 2 ,  r e s p e c t i v e l y .  The d a t a  i n d i c a t e s  
t h a t  t h e  e f f e c t i v e n e s s  o f  t h e  i n o c u l a n t  f o r  r e d  c l o v e r  n o d u l a t i o n  
d e c r e a s e d  w i t h  t h e  age  o f  t h e  s e e d i n g .  B re a k in g  down t h e  n o d u l a t i o n  
s c o r e  i n t o  component  p a r t s  i n d i c a t e d  t h a t  t h e  two f a c t o r s  d i f f e r i n g  
between i n o c u l a t e d  and u n i n o c u l a t e d  p l a n t s  were  n o d u le  c o l o r  and 
number .  The u n i n o c u l a t e d  p l a n t s  had more n o d u l e s ,  b u t  t h e  m a j o r i t y
T a b le  28 . N o du la t ion  score o f  a l f a l f a  seeded i n t o  th e  s o i l  c o l le c t e d  from Harmony H i l l  Farm as in f lu e n c e d
b.y l i m e  and i n o c u l a t e d  t r e a t m e n t .  Each v a l u e  i s  t h e  mean o f  f i v e  r e p l i c a t i o n s .
Seed in g
d a t e
Lime
r a t e I n c o u l a n t C o lo r
N o d u l a t i o n  S core  
P o s i t i o n  Number S i z e T o t a l
t / h a u n i t s
May 1979 4 .6 + 2 . 0 0 . 7 1 . 5 0 . 5 4 . 7  ab*
- 0 . 3 0 . 8 2.1 0.1 3 . 0  a
1 3 .8 + 2 .7 1 .5 2.1 0 . 6 6 . 9  cde
- 0 . 4 1 .0 1 .2 0 .6 3 . 2  a
A ugu s t  1978 4 . 6 + 3 .2 1.1 1 . 6 1 .5 6 . 4  cd
- 0 . 8 0 . 8 1 . 8 1 .0 4 . 4  ab
1 3 .8 + 3 . 6 1 . 5 1 .3 1 .0 7 . 4  d e f
- 1 .7 1 . 0 1.1 1 .5 5 . 3  be
May 1978 4 .6 + 3 .2 2 . 5 1 . 8 1 . 8 9 . 4  fgh
- 3.1 2.1 2.1 1 .2 8 . 7  e fg
1 3 .8 + 4.1 2 .9 2.1 1 .2 1 0 . 0  h
- 3 .0 2 . 6 2 .6 1 . 4 9 . 6  gh
*Means w i t h in  a column fo l lo w e d  by the  same l e t t e r  a re  not s i g n i f i c a n t l y  d i f f e r e n t  a t  the  0 .0 5
p e rc e n t  le v e l  accord ing to  Duncan's New M u l t i p l e  Range T e s t .
Ta b le  29. N o du la t ion  score f o r  red c lo v e r  seeded in t o  th e  Harmony H i l l  s o i l  as in f lu e n c e d  by l im e  and
i n o c u l a t i o n  t r e a t m e n t s .  Each v a l u e  i s  t h e  mean o f  f i v e  r e p l i c a t i o n s .
S eed ing
d a t e
Lime
r a t e I n o c u l a n t C o lo r
N o d u l a t i o n
P o s i t i o n
S core
Number S i z e T o ta l
t / h a u n i t s
May 1978 4 . 6 + 0 .3 4 0 .8 6 1 .7 0 2 . 7  ab*
- 0 .0 6 0 . 8 0 3 .2 0 .0 6 4.1  c
1 3 .8 + 0 .4 4 1.00 0 . 2 0 1 . 7  a
- 0 .0 6 1 .2 6 2 . 9 0 4 . 2  c
Augus t  1978 4 . 6 + 0 . 1 4 1 .9 4 2 . 4 0 4 . 5  c
- 0 3 .1 0 3 . 3 0 6 . 4  e
1 3 .8 + 0 .8 0 1 .0 6 1 .7 0 . 1 4 3 . 7  be
- 0 . 0 2 0 . 8 0 4 . 2 0 .9 2 5 . 9  de
May 1979 4 . 6 + 0 .2 6 1.46 1 .3 0 3 . 2  be
- 0 . 4 0 1 . 8 8 1 . 6 0 3 . 9  be
1 3 .8 + 0 1 .9 8 3 , 3 0 4 . 6  cd
- 0 .7 0 1 .7 4 2 . 6 0 4 . 5  cd
*Means w i th in  a column fo l lo w e d  by the  same small l e t t e r  a re  not s i g n i f i c a n t l y  d i f f e r e n t  a t  the
0 .0 5  p e rc e n t  l e v e l  accord ing  to  Duncan's New M u l t i p l e  Range T e s t .
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o f  them were  w h i t e .  A c co rd in g  t o  J o r d a n  ( 1 9 7 4 ) ,  t h e  p r e s e n c e  o f  numerous 
s m a l l  w h i t e  n o d u le s  i n d i c a t e s  n o d u l a t i o n  by i n e f f e c t i v e  s t r a i n s  o f  
R h izob ium . A p o s s i b l e  e x p l a n a t i o n  f o r  t h e  i n c r e a s e  o f  t h e s e  i n e f f e c t i v e  
i n f e c t i o n s  w i t h  s e e d i n g  d a t e  i s  t h e  s e n s i t i v i t y  o f  R_. t r i f o l i i  t o  
am ensa l is m  e s p e c i a l l y  from s o i l  fu n g i  ( P a r k e r  £ t  a l ^ . , 1 9 7 7 ) .  D i a g n o s i s  
by t h e  p e r s o n n e l  o f  t h e  p l a n t  p a t h o l o g y  d e p a r t m e n t  i n d i c a t e d  a s e v e r e  
i n f e c t i o n  o f  Fusar ium s o l a n i  on t h e  r e d  c l o v e r , a n d  f i e l d  o b s e r v a t i o n s  
i n d i c a t e d  t h a t  t h i s  i n f e c t i o n  was w o r s t  f o r  p l a n t s  s e e d e d  in  May 1978. 
J o r d a n  (1 974)  i n d i c a t e d  t h a t  e n v i r o n m e n ta l  s t r e s s  a n d / o r  d i s e a s e  c o u l d  
b r i n g  a b o u t  t r a n s i e n t  i n e f f e c t i v e n e s s  i n  Rh izob ium .
The hi gh  n o d u l a t i o n  s c o r e  f o r  t h e  u n i n o c u l a t e d  a l f a l f a  grown in  
t h e  s o i l  from t h e  May 1978 s e e d i n g  d a t e  i s  p r o b a b l y  due t o  t h e  e n c o u r a g e ­
ment o f  p o p u l a t i o n s  o f  Rhizobium m e ! i l o t i  i n t r o d u c e d  i n  t h e  i n o c u l a n t  
from t h e  o r i g i n a l  s e e d i n g .  The s t i m u l a t i o n  o f  Rhizobium p o p u l a t i o n s  i n  
t h e  s o i l  by legumes has  been d i s c u s s e d  by V i n c e n t  ( 1 9 6 5 ) .  The Rhizobium 
o f t e n  a p p e a r  p o o r l y  a d a p t e d  t o  s u r v i v a l  i n  t h e  s o i l  i n  t h e  a b s e n c e  o f  
t h e  h o s t  p l a n t  and w i l l  q u i c k l y  dw ind le  i n  number i f  t h e  legume i s  
removed ( P a r k e r  e t  a l_ . , 1 9 7 7 ) .  Nutman (1 963)  showed t h a t  legumes 
s e c r e t e  s u b s t a n c e s  from t h e i r  r o o t s  which c a u s e  Rhizobium t o  m u l t i p l y  
i n  t h e  a r e a  o f  t h e  p l a n t  r o o t s .
The s c a n n i n g  e l e c t r o n  m i c r o g r a p h s  o f  a l f a l f a  n o d u l e s  d id  n o t  show 
any m o r p h o l o g i c a l  chang es  t h a t  were  c o r r e l a t e d  t o  l i m e  r a t e .  The m i c r o ­
g ra p h s  o f  n o d u le s  t a k e n  from a l f a l f a  grown a t  4 . 6  and 1 3 . 8  t / h a  d o l o m i t i c  
l i m e s t o n e  show no d u le  c e l l s  w i t h  v a r y i n g  numbers o f  R. m e l i l o t i  ( F i g u r e s  
6 and 7 ) ,  b u t  t h e r e  i s  no c o n s i s t e n t  c e l l  volume o f  b a c t e r i a  t h a t  c o r ­
re s p o n d e d  t o  pH. The m a j o r i t y  o f  t h e  b a c t e r i a  i n  t h e  c e l l s  a r e  s w o l l e n
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F ig u r e  6
!
. S can n in g  e l e c t r o n  m i c r o g r a p h s  o f  a l f a l f a  n o d u l e s  t a k e n  
from a p l a n t  grown w i t h  4 . 6  t / h a  d o l o m i t i c  l i m e s t o n e .
A. E x t e r i o r  v iew o f  n o d u le
C o n d i t i o n s :
magnif ication 60x 
t i l t  15.50 
20 k . v .
B. L o n g i t u d i n a l  s e c t i o n  showing exposed  n o d u le  c e l l s
C o n d i t i o n s :
m a g n i f i c a t i o n  600x 
t i l t  1 5 . 5 °
20 k . v .
C. C lose up  o f  a s i n g l e  n o d u l e  c e l l  showing 
b a c t e r o i d s
C o n d i t i o n s :
m a g n i f i c a t i o n  2200x 
t i l t  1 5 . 5 °
20 k . v .
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F i g u r e  7 .  Scan n in g  e l e c t r o n  m i c r o g r a p h s  o f  a l f a l f a  n o d u l e s  t a k e n  from 
a p l a n t  grown w i th  1 3 . 8  t / h a  d o l o m i t i c  l i m e s t o n e .
A. E x t e r i o r  v i ew  o f  t h e  no d u le
C o n d i t i o n s :
m a g n i f i c a t i o n  60x 
t i l t  1 5 . 5 °
20 k . v .
i
B. L o n g i t u d i n a l  s e c t i o n  showing expo sed n o d u l e  
c e l l s
C o n d i t i o n s :
m a g n i f i c a t i o n  600x 
t i l t  1 5 .5 o  
20 k . v .
C. C lose up  o f  a s i n g l e  n o d u l e  c e l l  showing some 
b a c t e r o i d s
C o n d i t i o n s :
m a g n i f i c a t i o n  2200x 
t i l t  15 .50  
20 k . v .
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rod s  c a l l e d  b a c t e r i o d s ,  and i t  i s  w i t h i n  t h e s e  forms t h a t  n i t r o g e n a s e  
o c c u r s  ( B e r g e n s e n ,  1 9 7 7 ) .  M ic ro g raphs  o f  r e d  c l o v e r  n o d u l e s  a l s o  d i d  
n o t  d e m o n s t r a t e  any s i g n i f i c a n t  c o r r e l a t i o n  t o  l i m i n g ,  b u t  b a c t e r i a  i n  
t h e  n o d u le  c e l l s  o f  c l o v e r  were  q u i t e  d i f f e r e n t  from t h o s e  i n  a l f a l f a  
( F i g u r e  8 ) .  The n o d u l e s  o f  r e d  c l o v e r  we re  s m a l l  and w h i t e ,  and t h e  
R.. t r i f o l i i  w i t h i n  t h e  c e l l s  were  roun d  w i t h  v e r y  few ro ds  i n  e v i d e n c e .  
B erg ensen  (1970)  s t a t e d  t h a t  n a t u r a l l y  o c c u r r i n g  b a c t e r i a  p roduced  
n o d u l e s  which c o n t a i n e d  a r e l a t i v e l y  sm al l  amount  o f  b a c t e r i o d  t i s s u e ,  
and t h e r e  was c o n s i d e r a b l e  volume o f  d e g e n e r a t e d  t i s s u e  i n  each n o d u l e .
The r e s u l t s  f o r  a l f a l f a  grown i n  t h e  s o i l  from t h e  D e meri t  e x p e r i -  
ment i n d i c a t e d  t h a t  n o d u l a t i o n  was i n f l u e n c e d  d i f f e r e n t l y  by i n o c u l a t i o n ,  
l i m e ,  and P t r e a t m e n t s  ( T a b le  3 0 ) .  With d o l o m i t i c  l i m e s t o n e ,  i n o c u l a ­
t i o n  had no; s i g n i f i c a n t  i n f l u e n c e  on n o d u l a t i o n  r e g a r d l e s s  o f  t h e  l e v e l  
o f  a p p l i e d  P. T h ese  d a t a  i n d i c a t e  t h a t  t h e  p o p u l a t i o n s  o f  Rhibozium 
m e ! i l o t i  i n  t h e  s o i l  we re  as e f f e c t i v e  i n  n o d u l a t i n g  a l f a l f a  a s  t h e  
i n t r o d u c e d  s t r a i n s  i n  t h e  i n o c u l a n t .  The n o d u l a t i o n  s c o r e  f o r  a l f a l f a  
i n c r e a s e d  w i t h  t h e  l e v e l s  o f  a p p l i e d  P such t h a t  t h e  s c o r e s  a t  0 ,  220,  
and 440 kg P2 0 5 / h a  a v e r a g e d  f o r  i n o c u l a t e d  and u n i n o c u l a t e d  p l a n t s  w e re
8 , 0 ,  9 . 2 ,  and 1 0 . 8 ,  r e s p e c t i v e l y .  T h i s  i n c r e a s e  i n  t h e  n o d u l a t i o n
s c o r e  was due t o  an improvement  i n  n o d u le  c o l o r  and s i z e .
With h y d r a t e d  l i m e s t o n e ,  u n i n o c u l a t e d  a l f a l f a  had s i g n i f i c a n t l y  
h i g h e r  n o d u l a t i o n  s c o r e  a t  0 and 220 kg P2 0 5 / h a  b u t  a t  440 kg P2 0 5 / h a  
i n o c u l a t i o n  d i d  n o t  i n f l u e n c e  n o d u l a t i o n  ( T a b l e  3 0 ) .  The h y d r a t e d  l i m e  
re d u c e d  t h e  e f f e c t  o f  t h e  i n t r o d u c e d  Rhizobium m e ! i l o t i , b u t  t h e  i n h i ­
b i t i o n  o f  n o d u l a t i o n  was l e s s e n e d  by t h e  i n c r e a s e d  a p p l i c a t i o n  o f  P.
At  440 kg P2 0 5 / h a ,  b o th  i n o c u l a t e d  and u n i n o c u l a t e d  p l a n t s  had
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F i g u r e  8 .  Sc an n in g  e l e c t r o n  m i c r o g r a p h s  o f  a l f a l f a  and r ed  c l o v e r  
n o d u l e s .
A. High m a g n i f i c a t i o n  o f  a s i n g l e  c e l l  from a l f a l f a  
n o d u le  showing b a c t e r o i d s
C o n d i t i o n s
m a g n i f i c a t i o n  5000x 
t i l t  1 5 . 5 °
20 k . v .
I
B. High m a g n i f i c a t i o n  o f  a s i n g l e  c e l l  from r e d  
c l o v e r  n o d u le  showing o d d - s h a p e d  Rhizobium
C o n d i t i o n s :
m a g n i f i c a t i o n  5600x 
t i l t  1 5 . 5 °
20 k . v .

n o d u l a t i o n  s c o r e s  o f  6 . 5  and 7 . 2 ,  r e s p e c t i v e l y ,  w h i l e  a t  0 kg P2 0 5 / h a ,  
t h e  s c o r e s  we re  4 . 0  and 1 0 . 2 ,  r e s p e c t i v e l y .  The mechanism o f  a d a p t a t i o n  
o f  Jl. m e ! i l o t i  s o i l  p o p u l a t i o n s  t o  t h e  h y d r a t e d  l im e  i s  n o t  known, h u t  
u n d e r  s t r e s s  c o n d i t i o n s  n a t i v e  p o p u l a t i o n s  have shown g r e a t e r  s u r v i v a l  
th a n  i n t r o d u c e d  Rhizobium ( P a r k e r  e t  a l_ . , 1977 ) .
In t h e  s o i l  t h a t  was u n l i m e d ,  P a d d i t i o n  s i g n i f i c a n t l y  i n f l u e n c e d  
n o d u l a t i o n ,  b u t  i n o c u l a t i o n  had no b e n e f i t  ( T a b le  3 0 ) .  At  0 ,  2 2 0 ,  and 
440 kg P20( j /ha ,  t h e  n o d u l a t i o n  s c o r e  f o r  a l f a l f a  a v e r a g e d  o v e r  i n o c u l a t e d  
and u n i n o c u l a t e d  p l a n t s  was 7 . 4 ,  1 0 . 4 ,  and 1 1 . 1 ,  r e s p e c t i v e l y .  The 
i n c r e a s e  i n  t h e  n o d u l a t i o n  s c o r e  was p r i m a r i l y  due t o  cha ng es  i n  
n o d u le  c o l o r ,  s i z e  and number .  From 0 t o  220 kg P 2 0 j / h a ,  n o d u le  number,  
s i z e ,  and c o l o r  i n c r e a s e d  2 8 ,  6 9 ,  and 30 p e r c e n t ,  r e s p e c t i v e l y .
The n o d u l a t i o n  o f  a l f a l f a  grown i n  t h e  s o i l  t h a t  r e c e i v e d  d o l o m i t i c  
l ime was n o t  s i g n i f i c a n t l y  d i f f e r e n t  from t h a t  i n  t h e  un l imed  s o i l .  Th is  
i n d i c a t e s  t h a t  s o i l  pH was n o t  i m p o r t a n t  i n  t h i s  s o i l  f o r  a l f a l f a  n o d u l a ­
t i o n .  The d a t a  a l s o  d e m o n s t r a t e s  t h a t  f o r  p l a n t s  i n  t h e  d o l o m i t i c  l ime  
and un l imed  s o i l ,  t h e  l e v e l  o f  a p p l i e d  P had a s i g n i f i c a n t  i n f l u e n c e  
on n o d u l a t i o n  b u t  i n o c u l a t i o n  showed no b e n e f i t .  The added P improved  
t h e  e n v i r o n m e n t  f o r  Rhizobium m e ! i l o t i  p o p u l a t i o n s .  T h i s  i s  c l e a r l y  
shown where  a l f a l f a  was s e e d e d  i n t o  u n t r e a t e d  s o i l  c o l l e c t e d  from t h e  
b o r d e r  o f  t h e  e x p e r i m e n t ;  t h e  n o d u l a t i o n  s c o r e  f o r  i n o c u l a t e d  and un­
i n o c u l a t e d  p l a n t s  was 7 . 6  and 2 . 0 ,  r e s p e c t i v e l y .
The n o d u l a t i o n  o f  r e d  c l o v e r  sown i n t o  t h e  s o i l  t h a t  r e c e i v e d  
h y d r a t e d  l i m e s t o n e  was s i g n i f i c a n t l y  l e s s  t h a n  t h e  s c o r e  i n  t h e  unl imed  
o r  d o l o m i t i c  l i m e  s o i l  ( T a b le  3 1 ) .  The n o d u l a t i o n  s c o r e  o f  r e d  c l o v e r  
a v e r a g i n g  i n o c u l a t e d  and u n i n o c u l a t e d  p l a n t s  i n  u n l i m e d ,  d o l o m i t i c  l ime
Ta b le  30. N o du la t ion  score f o r  a l f a l f a  seeded in t o  the  s o i l  c o l le c t e d  from the Dem erit  s i t e  as in f lu e n c e d
by phospho ru s  and i n o c u l a t i o n  t r e a t m e n t s .  Each v a l u e  i s  t h e  mean o f  f i v e  r e p l i c a t i o n s .
Lime
t r e a t m e n t
Phosphorus
r a t e I n o c u l a t i o n C o lo r
N o d u l a t i o n
P o s i t i o n
Sco re
Number S iz e T o ta l
kg P2 0 6 / h a u n i t s
Do lomite 0 + 2 . 0 1 .7 3 .7 1 .0 8 .3 d *
- 2 . 0 1 .6 3 . 8 1 .0 8 . 3  d
220 + 3 .5 1 . 5 3 .9 0 . 4 9 . 3  e
- 3 .0 2 .0 3 .7 0 . 4 9.1  e
440 + 3 .7 1 .8 4 . 6 0 . 8 1 0 .9  f
- 4.1 2 . 0 3 .9 1.1 11.1  f
No l im e 0 + 2 . 7 1 .2 3 .2 0 . 3 7 . 4  cd
- 3 .0 1 . 5 3 . 3 0 .3 8.1 d
220 + 3 .7 2 . 4 3 . 4 0 . 9 1 0 . 4  f
- 4.1 2 .2 3 . 8 1.1 1 1 .0  f
440 + 3 . 8 1 .9 4 . 0 1 . 4 11.1  f
- 3 .2 2.1 3 .6 1 . 3 1 0 . 2  e f
H y dra ted 0 + 1 . 5 1 .0 1 . 5 0 4 . 0  a
- 4 . 2 1 . 7 4 . 2 0.1 1 0 . 2  e f
220 + 2 . 8 1 .6 2.1 0 .2 6 . 8  be
- 3 . 8 1 . 4 4 . 7 0.1 1 0 .2  e f
440 + 2 . 5 0 . 8 3 .0 0.1 6 . 4  b
- 3 .3 1 . 2 2 . 5 0 . 2 7 . 2  be
*Means w i t h i n  a column f o l l o w e d  by t h e  same l e t t e r  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  a t  t h e  0 . 0 5  p e r c e n t  
l e v e l  a c c o r d i n g  t o  Dunc an 's  New M u l t i p l e  Range T e s t .
Ta b le  31. N odu la t ion  score f o r  red c lo v e r  seeded in t o  s o i l  c o l le c t e d  from th e  Dem erit  s i t e  as in f lu e n c e d
by pho sph orus  and i n o c u l a t i o n  t r e a t m e n t s .  Each v a l u e  i s  t h e  mean o f  f i v e  r e p l i c a t i o n s .
Lime
t r e a t m e n t
Phosphorus
r a t e I n o c u l a n t C o lo r
N o d u l a t i o n  S c o re  
P o s i t i o n  Number S i z e T o ta l
kg P2 0 5 / h a u n i t s
Do lomite 0 + 2 . 2 2.1 3 .0 0 7 . 3  be*
- 2 . 0 1 . 8 3 . 2 0 7 . 0  b
220 + 3 .5 2 . 0 3 .3 0 . 5 9 . 3  d
- 3 . 0 1 .6 4 . 0 0 . 7 9 . 3  d
440 + 4 . 5 2 . 8 4 . 0 1 .0 1 2 .3  f
- 4 . 0 2 .9 3 . 8 1 .0 1 1 .7  e f
No l ime 0 + 2 .0 2 . 5 2 .7 0 7 . 2  be
- 1 .5 2 .2 3 .0 0 6 . 7  b
220 + 3 . 2 1 . 5 4 . 0 0 8 . 7  cd
- 3 .0 2 . 0 3 .6 0 8 . 6  cd
440 + 4 . 8 2 . 3 3 . 5 0 . 5 11.1  e f
- 4 . 3 3 .0 3 .0 0 . 5 1 0 . 8  e
H y dra ted 0 + 1 .0 1 .3 2 . 0 0 4 . 3  a
- 0 . 8 1 . 7 2 . 8 0 5 . 2  a
220 + 0 . 4 1 . 8 2 . 8 0 . 2 5 . 3  a
- 0.1 2.1 3 .0 0 5 . 2  a
440 + 0 . 3 1 .7 2 . 0 0 4 . 0  a
- 0 . 4 1.1 2 .3 0 . 3 4.1 a
*Means w i t h in  a column fo l lo w e d  by th e  same l e t t e r  a re  no t s i g n i f i c a n t l y  d i f f e r e n t  a t  the  0 .0 5  pe rc e n t
le v e l  accord ing to  Duncan's New M u l t i p l e  Range T e s t .
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and h y d r a t e d  l i m e  s o i l  a t  400 kg P20g/ha  was 1 1 . 0 ,  1 0 . 9 ,  and 4 . 0 ,  
r e s p e c t i v e l y .  T h i s  i n t e r f e r e n c e  by h y d r a t e d  l i m e  i n  t h e  n o d u l a t i o n  
o f  r e d  c l o v e r  was n o t  r e d u c e d  by i n o c u l a t i o n  o r  a p p l i e d  P. At 0 and 
440 kg P2 0 5 / h a ,  t h e  n o d u l a t i o n  s c o r e  f o r  r e d  c l o v e r  grown w i t h  h y d r a t e d  
l ime was 4 . 3  and 4 . 0 ,  r e s p e c t i v e l y .
For  r e d  c l o v e r ,  t h e r e  was no s i g n i f i c a n t  d i f f e r e n c e  i n  n o d u l a t i o n  
between t h e  d o l o m i t i c  and un l imed  s o i l s  ( T a b le  3 1 ) .  For  t h e s e  p l a n t s ,
P and n o t  i n o c u l a t i o n  was t h e  mos t  s i g n i f i c a n t  i n f l u e n c e  on n o d u l a t i o n .  
At 0 ,  220 ,  and 440 kg P2 0 5 / h a ,  t h e  n o d u l a t i o n  s c o r e  f o r  r e d  c l o v e r  was 
7 . 8 ,  9 . 2 ,  and 1 0 . 9 ,  r e s p e c t i v e l y .  The a p p l i e d  P i n c r e a s e d  t h e  p e r c e n t  
o f  p in k  n o d u l e s  b u t  had no i n f l u e n c e  on n o d u le  s i z e ,  number ,  o r  
p o s i t i o n .
The a p p l i e d  P i n c r e a s e d  n o d u l e  number ,  c o l o r ,  and s i z e  i n  a l f a l f a ;  
b u t  f o r  r e d  c l o v e r  o n ly  n o d u le  c o l o r  was a f f e c t e d .  The r e a s o n  f o r  t h i s  
d i f f e r e n t i a l  r e s p o n s e  t o  a p p l i e d  P by t h e  legumes i s  u n c l e a r .  P o s s i b l y  
t h e  r e d  c l o v e r  u t i l i z e s  P more e f f i c i e n t l y  t h a n  a l f a l f a  such  t h a t  t h e  
l e v e l  o f  P i n  t h e  s o i l  a t  0 kg P20g /ha  was s u f f i c i e n t  f o r  maximum 
n o d u le  number,  and t h e  i n c r e a s e  i n  t h i s  e l e m e n t  c a u s e d  a h i g h e r  f i x a ­
t i o n  r a t e  r e f l e c t e d  i n  t h e  n o d u le  c o l o r .
I n f l u e n c e  o f  Aluminum on t h e  M o b i l i t y  o f  P h o s p h u ru s -3 2  in  Red C lo v e r  
and A l f a l f a
The u t i l i z a t i o n  o f  P i n  a c i d i c  s o i l  i s  c o n s i d e r e d  an i m p o r t a n t  
f a c t o r  i n  t h e  a b i l i t y  o f  a p l a n t  t o  t o l e r a t e  low pH. In  t h i s  s t u d y ,  
t h e  m o b i l i t y  o f  ^2 P was examined i n  a l f a l f a  and r e d  c l o v e r  grown 
h y d r o p o n i c a l l y  i n  t h e  p r e s e n c e  o f  A1 a t  pH 5 . 0 .
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The a u t o r a d i o g r a p h s  o f  t h e  two legumes c l e a r l y  show t h a t  Was 
more m o b i l e  i n  c l o v e r  t h a n  a l f a l f a  ( F i g u r e s  9 t o  1 1 ) .  For  b o th  a l f a l f a  
and r e d  c l o v e r ,  t h e  r o o t s  and n o d u l e s  a r e  d a r k ,  b u t  t h e  l e a v e s  o f  
a l f a l f a  a r e  p a l e  compared t o  t h e  c l o v e r .  The d a r k e r  a r e a s  i n d i c a t e  
t h e  p r e s e n c e  o f  t h e  r a d i o a c t i v e  p h o s p h o r u s .  Even a t  0 ppm A ! , t h e  
t r a n s l o c a t i o n  o f  32p Was  more v i s i b l e  i n  r e d  c l o v e r .  Foy and Brown 
(1964)  have i n d i c a t e d  t h a t  t o l e r a n c e  t o  s o i l  a c i d i t y  i s  a s s o c i a t e d  w i th  
t h e  u t i l i z a t i o n  o f  P. Whi te  e t a l _ .  (1976)  i n d i c a t e d  t h e  p r e s e n c e  o f  
p o l y m e r i c  complexes  o f  A l -P  i n  s o l u t i o n ,  and White  (1976)  d e m o n s t r a t e d  
t h e  a b i l i t y  o f  a l f a l f a  t o  use  t h e s e  complexes  as a s o u r c e  o f  P. Pos­
s i b l y  a l f a l f a  can a b s o r b  P in  t h e s e  p o l y m e r i c  co m p lex e s ,  b u t  t h e  im­
pro ve d  t r a n s l o c a t i o n  o f  P i n  r e d  c l o v e r  may be  a c c o m p l i s h e d  by 
s e p a r a t i n g  t h e  P from t h e  A1 by o r g a n i c  c h e l a t i o n  as  s u g g e s t e d  by 
Jones  ( 1 9 6 1 ) .  W ha te ver  t h e  mechanism,  r e d  c l o v e r  c l e a r l y  u t i l i z e s  
P i n  t h e  p r e s e n c e  o f  A1 more e f f i c i e n t l y  t h a n  does  a l f a l f a .
The m i c r o a n a l y s i s  o f  t h e  n o d u le s  by e n e r g y  d i s p e r s i v e  a n a l y s i s  
by X-ray  (EDAX) i n d i c a t e d  d i f f e r e n c e s  i n  A1 and P c o n t e n t  between 
a l f a l f a  and r e d  c l o v e r  ( T a b l e  3 2 ) .  The ZAF c o r r e c t i o n  a n a l y s i s  
a s s o c i a t e d  w i t h  t h e  program used  t o  r e l a t e  t h e  sam ples  t o  t h e  s t a n ­
d a r d s  a l l o w s  co m p ar i so n s  t o  be made between b i o l o g i c a l  sam pl es  i f  
p r e p a r a t i o n  and h a n d l i n g  a r e  t h e  same.  Al l  n o d u le s  used  i n  t h i s  
a n a l y s i s  we re  p r e p a r e d  by t h e  same p r o c e d u r e .  The a b s o l u t e  v a l u e  o f  
t h e  f i g u r e s ,  how ever ,  mus t  be  examined i n  l i g h t  o f  c e r t a i n  a r t i f a c t s  
from sam ple  p r e p a r a t i o n ,  beam damage,  and c o n t a m i n a t i o n .
The d u p l i c a t e  r e a d i n g s  from t h e  n o d u l e  a lways  gave lo w e r  v a l u e s  
f o r  t h e  two e l e m e n t s .  E lem e n ta l  l o s s  can r e s u l t  from beam damage
T a b l e  32.  The l e v e l s o f  A1 and P i n  t h e  n o d u le s  o f  a l f a l f a  and r e d  c l o v e r  as  measured  by EDAX. D u p l i c a t e
r e a d i n g s  a r e  p r e s e n t e d  f o r  each n o d u l e .
S p e c i e s  Al^ Reading A1
C o n c e n t r a t i o n  i n  n o d u le s  
P A l /P
ppm %
A l f a l f a  2 . 5 1 .236 .489 .48
2 .145 .400 .36
5 . 0 1 .228 .456 .50
2 .198 .410 .48
Red c l o v e r  2 . 5 1 .098 .422 .23
2 .043 .371 .12
5 . 0 1 .063 .403 .16
2 .027 .300 .09
^ c o n c e n t r a t i o n  o f  AT i n  t h e  h y d r o p o n ic  s o l u t i o n .
F i g u r e  9 .  A u t o r a d i o g r a p h  o f  a l f a l f a  and r e d  c l o v e r  grown h y d r o p o n i c a l l y  
a t  0 ppm A1 and pH 5 . 0 .
F ig u re  10. Au torad iograph  o f  a l f a l f a  and red  c lo v e r  grown hydro-
p o n ic a l ly  a t  2 .5  ppm A1 and pH 5 .0
! •  I
-i .  |J1
F ig u re  11. Autorad iograph  o f  a l f a l f a  and red c lo v e r  grown h y d ro p o n ic a l ly
a t  5 .0  ppm A1 and pH 5 .0 .
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a n d / o r  c o n t a m i n a t i o n  o f  t h e  spec imen  s u r f a c e  ( E c h l i n ,  1 9 7 8 ) .  Hydro­
ca rb on  d e p o s i t s  on t h e  w a l l  o f  t h e  s c o p e  have been found  t o  form com­
pounds w i t h  t h e  o r g a n i c  breakdown p r o d u c t s  c a u s ed  by beam damage o f  
t h e  spec imen  and t h e s e  compounds can form s u b s t a n t i a l  f i l m s  on t h e  
s u r f a c e  o f  t h e  s p e c im e n .  T hes e  c o a t i n g s  can c a u s e  a s i g n i f i c a n t  
r e d u c t i o n  i n  t h e  c o u n t  r a t e  o f  s o f t  X - r ay s  ( F i o r i  and Newbury,  1 978) .
The c o n c e n t r a t i o n  o f  A1 i n  t h e  n o d u l e s  r a n g e d  from 0 . 0 1 2  t o  
0 .236  p e r c e n t  which i s  w i t h i n  t h e  amount  found by S a r t a i n  and Kamprath 
(1977)  f o r  soybean  n o d u l e s .  I t  i s  i m p o r t a n t  t o  remember t h a t  i n  
sample  p r e p a r a t i o n ,  t h e  c e l l u l a r  w a t e r  was e x t r a c t e d .  In r e s e a r c h  on 
animal and p l a n t  c e l l s ,  P an e s s a -W ar ren  (1979)  found t h a t  m i c r o a n a l y s i s  
o f  d r i e d  c e l l s  can r e s u l t  i n  as much as 10 t o  20 p e r c e n t  i n c r e a s e  i n  
e l e m e n ta l  c o n c e n t r a t i o n .
Aluminum l e v e l s  we re  s i g n i f i c a n t l y  h i g h e r  i n  a l f a l f a  no d u les  
compared t o  r e d  c l o v e r  ( T a b l e  3 2 ) .  The A l /P  r a t i o  was l e s s  i n  r e d  
c l o v e r  n o d u le s  s u g g e s t i n g  some mechanism t o  r e d u c e  t h e  t r a n s l o c a t i o n  
o f  A1 t o  t h e  n o d u le s  o r  an i n h e r e n t  l e s s  a f f i n i t y  f o r  t h e  e l e m e n t .
In  o r d e r  t o  o b t a i n  r e l i a b l e  a b s o l u t e  v a l u e s  f o r  t h e  A1 in  t h e s e  
legume n o d u l e s ,  d e p e n d a b l e  s t a n d a r d s  must  r e s e m b le  t h e  sam ples  i n  
che mic al  and p h y s i c a l  p r o p e r t i e s .  S p u r r  (1975)  showed t h a t  two 
s t a n d a r d s  o f  d i f f e r e n t  ch em ic a l  and p h y s i c a l  n a t u r e  gave d i f f e r e n t  
r e a d i n g s  on t h e  same s p e c im e n .  Up t o  t h i s  t i m e ,  t h e  m a j o r i t y  o f  t h e  
r e s e a r c h  has  been done w i t h  t h i n  s e c t i o n s  b e c a u s e  o f  t h e  d i f f i c u l t i e s  
i n  p r e p a r i n g  s t a n d a r d s  f o r  t h i c k  o r  b u lk y  s a m p le s .
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L a b o ra to ry  In v e s t ig a t io n s
E f f e c t s  o f  Aluminum and pH on t h e  Growth o f  Rhizobium me! i l o t i  i n  C u l t u r e  
S i n c e  A1 has  been  shown t o  be d e t r i m e n t a l  t o  t h e  n o d u l a t i o n  p r o c e s s  
i n  a l f a l f a ,  i t  i s  p o s s i b l e  t h a t  t h e  t o x i c i t y  a f f e c t s  t h e  h o s t  p l a n t  and 
t h e  Rhizob ium. Th i s  e x p e r i m e n t  was c o n d u c te d  t o  d e t e r m i n e  t h e  i n f l u e n c e  
o f  A1 and pH on t h e  growth o f  j*. m e ! i l o t i  i n  c u l t u r e .  T h re e  s t r a i n s  o f  
Rhizobium were  grown i n  d e f i n e d  media  a t  pH 5 . 0 ,  5 . 5 ,  and 6 . 0  w i t h  0 and 
40 uM A1. P r o t e i n  l e v e l s  we re  m o n i t o r e d  o v e r  a 2 4 - hou r  p e r i o d .
The i n f l u e n c e  o f  pH on R. m e l i l o t i  v a r i e d  between t h e  s t r a i n s  
( F i g u r e s  12 t o  1 4 ) .  S t r a i n  F82 showed t h e  most  t o l e r a n c e  t o  a c i d i t y  
( F i g u r e  14) w i t h  a g e n e r a t i o n  t im e  a t  pH 5 . 0  and 5 .5  o f  f o u r  and t h r e e  
h o u r s ,  r e s p e c t i v e l y .  The g e n e r a t i o n  t i m e  f o r  s t r a i n s  F70 and F51 a t  
t h o s e  pH's  ex c eeded  s i x  h o u r s .
The i n f l u e n c e  o f  A1 on p r o t e i n  l e v e l s  d e c r e a s e d  w i t h  i n c r e a s i n g  
pH. As i n d i c a t e d  i n  t h e  a n a l y s i s  o f  v a r i a n c e  ( T a b le  3 3 ) ,  a s i g n i f i c a n t  
A1 x pH i n t e r a c t i o n  e x i s t e d  f o r  a l l  t h r e e  s t r a i n s .  At  pH 6 . 0 ,  t h e  A1 
had no s i g n i f i c a n t  i n f l u e n c e  on t h e  growth o f  t h e  s t r a i n s ;  b u t  a t  pH
5 . 0 ,  t h e  e l e m e n t  p r e v e n t e d  any i n c r e a s e  i n  p r o t e i n  d u r i n g  t h e  2 4 - h o u r  
s t u d y  p e r i o d .  The t o l e r a n c e  t o  a c i d i t y  t h a t  t h e  Rhizobium showed a t  
pH 5 . 0  was e l i m i n a t e d  by t h e  a d d i t i o n  o f  A1. Keyse r  and Munns (1979 a)  
found  t h a t  48 p e r c e n t  o f  t h e  cowpea Rhizobium s t r a i n s  growing  a t  pH 
4 . 5  and 23 p e r c e n t  o f  t h e  soybean  Rhizobium s t r a i n s  growing a t  pH 4 . 8  
c o u l d  t o l e r a t e  added A1.
The r e c o v e r y  o f  t h e  Rhizobium a t  pH 5 . 5  from t h e  A! s u g g e s t s  a 
p h y s i o l o g i c a l  a d a p t a t i o n  o f  t h e  b a c t e r i a  t o  t h e  e l e m e n t  o r  a removal  
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Figure  12. E f f e c t  o f  aluminum and pH on th e  growth o f  Rhizobium
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Figure  13. E f f e c t  o f  aluminum and pH on the  growth o f  Rhizobium
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Figure  14. E f f e c t  o f  aluminum and pH on the  growth o f  Rhizobium
m e ! i l o t i  s t r a i n  102F70.
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T ab le  33.  The F r a t i o s  from t h e  a n a l y s i s  o f  v a r i a n c e  f o r  t h e  growth o f  
Rhizobium m e ! i l o t i  i n  c u l t u r e .
Source
S t r a i n s
Df F82 F51 F70
Al x pH 2 12 .5 ** 203.1** 9 .7**
Al x Time (T) 5 19 .0** 101.3* * 39 .9**
pH x Time 1 0 19. 3** 1 1 2 . 1 ** 43 .2 * *
Al x pH x T 1 0 2 . 2 ns 28. 2** 2 .3 n s
** s i g n i f i c a n t  a t  t h e  0 . 0 1  p e r c e n t  l e v e l  
ns n o t  s i g n i f i c a n t
s y n t h e s i z e  a s e r i e s  o f  o r g a n i c  compounds c a p a b l e  o f  c h e l a t i n g  Al 
(S i lv e r m a n n  and Munoz, 1970;  Du ff  e t  a l _ . , 1 9 6 3 ) .  P o s s i b l y  u n d e r  t h e
l e s s  s t r e s s f u l  c o n d i t i o n s  o f  a h i g h e r  pH, t h e  R_. m e ! i l o t i  a r e  c a p a b l e
o f  c h e l a t i n g  t h e  Al and r e d u c i n g  i t s  t o x i c i t y .
The mechanism o f  t h e  Al t o x i c i t y  t o  t h e  Rhizobium may be con­
n e c t e d  t o  s u r f a c e  a d s o r p t i o n  o f  t h e  e l e m e n t .  Work w i t h  s o i l  B a c i l l u s  
i n  c u l t u r e  w i t h  Al i n d i c a t e d  t h a t  t h e  m a j o r i t y  o f  t h e  e l e m e n t  became
ad s o r b ed  on t h e  w a l l s  o f  t h e  o rg a n i s m  (Zwarum e t  a l . , 1 9 7 1 ) .  B ra d l e y
e t  aQ_. (1 965)  found  t h a t  when wound b a c t e r i a  we re  p r e s e n t  i n  an Al 
s o l u t i o n  most  o f  t h e  e l e m e n t  bound t o  t h e  c e l l  w a l l  w i t h i n  two m i n u t e s .  
I t  has been shown t h a t  a d s o r b i n g  s u r f a c e s  can a l t e r  b a c t e r i a l  s u r v i v a l  
and chemica l  p r o c e s s e s  ( R u b e n t s c h i k  e t  a l ^ . , 1 9 3 6 ) .  The a d s o r p t i o n
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o f  Al t o  t h e  w a l l s  has  y e t  t o  be shown,  b u t  i f  such  phenomenon does 
o c c u r ,  t h e  ad s o r b e d  Al c o u l d  i n t e r f e r e  i n  t h e  n u t r i t i o n  o f  t h e  b a c t e r i a  
and p o s s i b l y  i n  t h e  n o d u l a t i o n  o f  legumes s i n c e  t h e  i n i t i a t i o n  o f  
t h e  p r o c e s s  i s  a s u r f a c e  i n t e r a c t i o n  (Dazzo e t  a l ^ . , 1 976) .
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F ie ld  In v e s t ig a t io n s
I n f l u e n c e  o f  Lime and Phosphorus  on t h e  Growth o f  A l f a l f a  and Red C lo v e r  
in  A c i d i c  S o i l s
Two f i e l d  e x p e r i m e n t s  were  e s t a b l i s h e d  t o  s t u d y  t h e  i n f l u e n c e  o f  
b r o a d c a s t / b a n d e d  l i m e  and P on t h e  growth o f  a l f a l f a  and r e d  c l o v e r  i n  
a c i d i c  s o i l s .  The s e e d i n g s  were  done by minimum t i l l a g e  u s i n g  a Zip  
s e e d e r ,  and t h e  s u r f a c e  v e g e t a t i o n  was c o n t r o l l e d  by an a p p l i c a t i o n  o f  
g l y p h o s a t e  p r i o r  t o  s e e d i n g .
S tu dy  1:  I n f l u e n c e  o f  S e e d in g  D a te ,  Banded,  and B r o a d c a s t  D o l o m i t i c
Lime on t h e  Growth o f  A l f a l f a  and Red C l o v e r . A l f a l f a  and r e d  c l o v e r  
were sown i n t o  a Pax ton s i l t  loam on t h r e e  s e e d i n g  d a t e s .  D o l o m i t i c  
l i m e s t o n e  had been b r o a d c a s t  on a l l  t h e  p l o t s  one y e a r  p r i o r  t o  t h e  
f i r s t  s e e d i n g  and banded d o l o m i t i c  l im e  was a p p l i e d  w i t h  t h e  s e e d .
The i n i t i a l  s o i l  a n a l y s i s  i n d i c a t e d  a pH o f  5 . 0  t o  a s o i l  d ep th  
o f  20 cm w i t h i n  t h e  p r o f i l e  and an  Al s a t u r a t i o n  t h a t  ex c eed e d  15 p e r c e n t  
(T a b le  3 4 ) .  The b r o a d c a s t  l im e  moved downward i n t o  t h e  t o p  5 cm o f  t h e  
s o i l  f a i r l y  r a p i d l y  and by Sep tem ber  1977 t h e  pH i n  t h i s  l a y e r  o f  s o i l  
was 5 .6  f o r  a l l  t h r e e  l i m e  r a t e s .  At  4 . 6  and 9 . 2  t / h a  l i m e ,  t h e  Al 
s a t u r a t i o n  i n  t h e  t o p  5 cm o f  t h e  s o i l  p r o f i l e  was l e s s  t h a n  5 p e r c e n t  
w h i l e  t h e  l e v e l  o f  Al a t  1 3 . 8  t / h a  l im e  a v e r a g e d  1 p e r c e n t .  The l e v e l  
o f  a v a i l a b l e  P i s  m easured  by Bray #1 i n c r e a s e d  from 7 t o  10 ppm in  
t h e  s u r f a c e  2 cm o f  t h e  s o i l  p r o f i l e .  R e l a t i n g  t h e  l e v e l  o f  s o i l  P t o  
a q u a l i t a t i v e  low,  medium,  o r  h i gh  v a l u e  i s  d e p e n d e n t  on e x t r a c t a n t ,  
s o i l  t y p e ,  and l o c a t i o n .  A cco rd in g  Baker  and Ha l l  (1967)  t h e  r a n g e s  
in P e n n s y l v a n i a  s o i l s  was:  v e ry  h i g h ,  80 ppm; h i g h ,  50-80 ppm; medium,
T a b l e  34.  I n i t i a l  s o i l  a n a l y s i s  o f  t h e  Pax ton s i l t  loam s o i l .  Each v a l u e  i s  t h e  mean o f  f o u r  r e p l i c a t i o n s .
S o i l
dep th pH Ca Mg K A! P
A!
s a t u r a t i o n 1
cm Meq/100 g ppm %
0 - 2 5.1 a* 1 .0 3 a 0.51 b 0.61 a 0.41 a 7 a 16.01 a
2 - 5 5 . 0  a 1.51 a 0 .4 3 a 0.51 a 0 .4 0 a 7 a 1 4 .0 3  a
5 - 1 0 5 . 0  a 1 . 2 1 a 0 .4 0 a 0 . 4 3 a 0 . 4 3 a 6  a 17.41 a
1 0  -  2 0 4 . 9  a 1 . 0 1 a 0 . 2 0 a 0 . 4 8 a 0 . 5 3 b 5 a 2 3 .8 7  b
*Means w i t h i n  a column fo l l o w e d  by t h e  same l e t t e r  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  a t  t h e  0 .0 5  
p e r c e n t  l e v e l  a c c o r d i n g  t o  Duncan 's  New M u l t i p l e  Range T e s t .
^A1 s a t u r a t i o n  = A l / ( C a  + Mg + K + A1) x 100
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30-50 ppm; low,  15 -3 0  ppm; v e r y  lo w ,  l e s s  t h a n  15 ppm. The v a l u e s  
e s t a b l i s h e d  by O l sen  and Dean (1969)  w ork in g  w i t h  a v a r i e t y  o f  s o i l s  
we re :  h i g h ,  20 ppm; medium,  7-20 ppm; low,  3-7  ppm; v e r y  lo w ,  l e s s
th an  3 ppm.
By S ep tem ber  1978 ,  16 months  a f t e r  l i m i n g ,  t h e  pH t o  a s o i l  d ep th  
o f  10 cm a v e r a g e d  5 . 5  r e g a r d l e s s  o f  t h e  l i m e  r a t e .  Aluminum l e v e l s  
were  r e d u ced  t o  l e s s  t h a n  6  p e r c e n t  s a t u r a t i o n  down t o  1 0  cm, and t h e  
P l e v e l s  i n  t h e  s u r f a c e  2 cm exc eed e d  10 ppm ( T a b le  3 5 ) .  The s o i l  
a n a l y s i s  from t h e  l a s t  s a m p l i n g ,  S ep tem ber  1979,  i n d i c a t e d  some change 
in  pH down t o  20 cm by t h e  9 . 2  and 1 3 . 8  t / h a  l im e  r a t e .  S o i l  A1 
l e v e l s  we re  r e d u ced  t o  l e s s  t h a n  2  p e r c e n t  down t o  1 0  cm and a v a i l a b l e  
P a v e r a g e d  14 ppm i n  t h e  t o p  2 cm ( T a b le  3 6 ) .
The s o i l  d a t a  shows t h a t  t h e  r a t e  o f  l im e  a p p l i c a t i o n  had no 
s i g n i f i c a n t  i n f l u e n c e  on s o i l  pH i n  t h e  t op  5 cm o f  t h e  p r o f i l e  ( F i g u r e  
1 5 ) .  The r a t e  o f  d o l o m i t i c  l i m e s t o n e ,  how ever ,  was i m p o r t a n t  i n  
r a i s i n g  pH i n  d e e p e r  h o r i z o n s  w i t h  t h e  1 3 .8  t / h a  l im e  r a t e  b e i n g  t h e  
most e f f e c t i v e  ( F i g u r e s  16 and 1 7 ) .  Brown e t  al_. (1956)  d e m o n s t r a t e d  
t h a t  t im e  r a t h e r  t h a n  l i m e  r a t e  had t h e  m a j o r  i n f l u e n c e  on pH change 
when l i m e s t o n e  was a p p l i e d  t o  a g r a s s  so d .
The i n c r e a s e  i n  a v a i l a b l e  P i n  t h e  s u r f a c e  5 cm i s  p r o b a b l y  n o t  
due t o  l i m i n g  b u t  t o  t h e  P a p p l i e d  a t  s e e d i n g  (165 kg P2 0 g / h a ) .  O th e r  
r e s e a r c h  w i t h  t h i s  Pax ton s i l t  loam has  shown t h a t  P l e v e l s  do n o t  
s i g n i f i c a n t l y  i n c r e a s e  w i t h  l im e  a p p l i c a t i o n s  ( F i g u r e  3 and T a b l e  15 ) .  
Reeve and Sumner (1 970a)  have shown t h a t  t h e  i n t e r a c t i o n  o f  s o i l  pH 
and P v a r i e s  between s o i l s .  Even t h e  r e d u c t i o n  o f  A1 does  n o t  n e c e s ­
s a r i l y  i n d i c a t e  any i n c r e a s e  i n  a v a i l a b l e  P. The mechanism o f  t h i s
Ta b le  35 . The September 1978 s o i l  a n a ly s is  f o r  the  Paxton s i l t  loam. Each v a lu e  is  the  mean o f  fo u r  r e p l i c a t i o n s .
Lime
r a t e
S o i l
dep th pH Ca Mg K A1 P
A1
s a t u r a t i o n
t / h a cm Meq/100 g ppm %
4 . 6 0  -  2 6 . 1  c* 8 . 1  c 2 . 0  c 1 . 0  c 0 . 0 1  a 13.1 c 0 . 0 9  a
2 - 5 5 . 7  b 2 . 9  b 1 . 5  b 0 . 5  b 0 . 0 7  b 1 0 . 5  b 1.41 b
5 -  10 5 . 5  ab 2 . 0  a 0 . 7  c 0 . 3  a 0 . 1 9  c 7 . 0  a 5 .9 2  c
1 0  -  2 0 5 . 3  a 1 . 6  a 0 . 4  a 0 . 3  a 0 . 3 3  a 6 . 6  a 1 2 .5 4  d
9 .2 0 - 2 6 . 2  c 8 . 7  c 2 . 4  c 1 . 0  c 0 . 0 2  a 1 2 .3  b 0 . 1 6  a
2 - 5 5 .9  be 3 . 3  b 1 . 5  b 0 . 5  b 0 . 0 4  a 7 . 0  a 0 . 7 5  b
5 - 1 0 5 . 7  b 2 . 5  b 0 . 8  a 0 . 3  a 0 . 2 1  b 7 . 9  a 5 .51 c
1 0  -  2 0 5 . 3  a 1 . 0  a 0 . 6  a 0 . 2  a 0 . 2 2  b 7 . 0  a 10 .89  d
1 3 .8 0 - 2 6 . 1  c 9 . 2  c 2 . 5  c 1 . 0  c 0 . 0 2  a 1 4 . 8  b 0 . 1 6  a
2 - 5 5 . 8  b 4 . 8  b 2 . 0  be 0 . 8  b 0 .0 5  a 8 . 8  b 0 .6 5  b
5 - 1 0 5 . 4  a 2 . 0  a 1 . 8  ab 0 . 5  a 0 . 2 8  b 6 . 1  a 6 . 1 0  c
1 0  -  2 0 5 . 3  a 1 . 4  a 1 . 3  a 0 . 5  a 0 . 3 7  c 6 . 6  a 1 0 .3 0  a
*  W ith in  a l im e  r a t e ,  means w i t h in  a column fo l lo w e d  by the  same l e t t e r  a re  not s i g n i f i c a n t l y
d i f f e r e n t  a t  th e  0 .5  le v e l  accord ing to  Duncan's New M u l t i p l e  Range T e s t .
Ta b le  36. The September 1979 s o i l  a n a ly s is  f o r  the  Paxton s i l t  loam. Each v a lu e  is  the  mean o f  fo u r
r e p l i c a t i o n s .
Lime
r a t e
S o i l
d ep th pH Ca Mg K A1 P
A1
s a t u r a t i o n
t / h a cm -------  Meq/100 g ------------ ppm %
4 . 6 0 - 2 6 . 6  c* 9 . 8  c 2 . 9  c 1 . 0  b 0 . 0 1  a 17.1 b 0 . 0 7  a
2 - 5 6 . 0  b 4.1 b 1 . 5  b 0 . 9  b 0 .0 5  a 1 5 .6  b 0 .7 7  b
5 - 1 0 5 . 8  b 2 . 9  b 0 . 4  a 0 . 3  a 0 .0 6  a 8 . 1  a 1 .6 3  c
1 0  -  2 0 5 . 4  a 1 . 4  a 0 . 7  a 0 . 3  a 0 . 2 0  b 6 . 5  a 7 .7 2  d
9 .2 0 - 2 6 . 6  c 1 0 .9  c 4 . 2  c 1 . 1  c 0 . 0 2  a 1 4 .6  b 0 . 1 2  a
2 - 5 6 . 2  b 6 . 1  b 2 . 1  b 0 . 6  b 0 . 0 3  a 1 0 . 2  b 0 . 3 4  b
5 -  10 6 . 0  b 4 . 3  b 1 . 8  b 0 . 3  a 0 . 1 1  b 8 . 0  a 1 . 6 8  c
1 0  -  2 0 5 . 6  a 1 . 9  a 0 . 9  a 0 . 3  a 0 . 1 6  b 7 . 0  a 4 . 8 8  d
13 .8 0  -  2 6 . 8  c 1 2 . 6  c 3 . 6  be 1 . 0  b 0 . 0 2  a 15.1 c 0 . 1 2  a
2 -  5 6 . 6  c 7 . 8  b 4.1 c 0 . 9  b 0 . 0 1  a 9 . 2  b 0 . 0 8  a
5 - 1 0 6 . 0  b 6 . 1  b 2 . 3  b 0 . 4  c 0 .0 5  a 7 . 0  a 0 . 5 6  b
1 0  -  2 0 5 . 7  a 2 . 0  a 0 . 7  a 0 . 4  c 0 .1 6  b 6 . 5  c 4 .91 c
*  W ith in  a l im e  r a t e ,  means in  a column fo l lo w e d  by the  same l e t t e r  a re  not s i g n i f i c a n t l y  d i f f e r e n t
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F ig u r e  15.  E f f e c t  o f  t im e  on t h e  change i n  s o i l  pH a t  0 -2  and 2 -5  cm d e p t h s  i n  t h e  p r o f i l e .
Lime r a t e s  were combined s i n c e  r e g r e s s i o n  a n a l y s i s  i n d i c a t e d  t h a t  r a t e  d id  n o t  




6.4 a 13.8 t / h a ;  Y = 3 .2 0  + 2 . 3 7 x - 0 . 6 8 x 2 - 0 . 0 6 x 3
■ 9 .2  t / h a ;  Y= 4 . 6 6 + 0 .2 4 x  
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F ig u r e  16.  E f f e c t  o f  t i m e  and l im e  r a t e  on t h e  change i n  s o i l  pH a t  5-10 cm 
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9 .2  t /ha.  Y= 4.77 + 0.11
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F ig u r e  17.  E f f e c t  o f  t i m e  and l im e  r a t e  on t h e  change i n  s o i l  pH i n  t h e  10-20 cm 
d ep th  i n  t h e  p r o f i l e  as  shown by r e g r e s s i o n  a n a l y s i s .
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P f i x a t i o n  i s  n o t  e n t i r e l y  u n d e r s t o o d  b u t  i s  l i n k e d  t o  t h e  forms o f  
n o n -e x c h a n g e a b l e  A1 i n  t h e  s o i l  (McLean,  1971,  1 976) .
The one h a r v e s t  t a k e n  i n  1978 showed a s i g n i f i c a n t  i n f l u e n c e  o f  
l ime  r a t e  b u t  n o t  banded l i m e  on a l f a l f a  y i e l d  ( T a b l e  3 7 ) .  A l f a l f a  
y i e l d  a t  4 . 6 ,  9 . 2 ,  and 1 3 . 8  t / h a  l i m e  was 0 . 3 6 ,  0 . 5 8 ,  and 0 .5 2  t / h a ,  
r e s p e c t i v e l y .  Red c l o v e r  y i e l d s  we re  n o t  i n f l u e n c e d  by l i m i n g  o r  
b and ing  and we re  20 t o  30 p e r c e n t  h i g h e r  t h a n  a l f a l f a  y i e l d s .  The 
p e r c e n t  r e d  c l o v e r  i n  t h e  p l o t s  a v e r a g e d  89 p e r c e n t  w h i l e  a l f a l f a  
p l o t s  a v e r a g e d  48 p e r c e n t  legume f o r  t h i s  h a r v e s t .
The t i s s u e  c o m p o s i t i o n  o f  t h e  legumes i n  t h i s  1978 h a r v e s t  
( T a b le  38) showed a l e v e l  o f  A1 t h a t  e x c e e d e d  140 ppm and a P l e v e l  
t h a t  a v e r a g e d  0 .2 2  p e r c e n t  i n  a l f a l f a .  For r e d  c l o v e r ,  A1 l e v e l s  
were l e s s  t h a n  70 ppm and P l e v e l s  were  s i m i l a r  t o  t h o s e  i n  a l f a l f a .
No s i g n i f i c a n t  c o r r e l a t i o n  e x i s t e d  be tween change i n  s o i l  pH and 
l e v e l s  o f  p l a n t  A1 o r  P f o r  e i t h e r  legume.  I t  must  be remembered,  
however ,  t h a t  P l e v e l s  i n  p l a n t  t i s s u e  do n o t  n e c e s s a r i l y  i n d i c a t e  
t h e  a v a i l a b i l i t y  o f  P t o  m e t a b o l i s m  due t o  t h e  p o s s i b i l i t y  o f  A l-P  
i n t e r a c t i o n s  w i t h i n  t h e  p l a n t .  C l a r k s o n  (1 965)  showed t h a t  a l a r g e  
p o r t i o n  o f  t h e  P i n  b a r l e y  r o o t s  o f  p l a n t s  grown a t  h ig h  A1 l e v e l s  
h y d r o p o n i c a l l y  made no c o n t r i b u t i o n  t o  t h e  P i n c o r p o r a t e d  i n t o  i n t e r ­
m e d i a t e s  i n  m e t a b o l i s m .  The A l / P  r a t i o  i n  a l f a l f a  and r e d  c l o v e r  
f o l i a g e  was 0 . 0 6 8  and 0 . 0 2 9 ,  r e s p e c t i v e l y ,  which  m i g h t  i n d i c a t e  a 
d i f f e r e n c e  i n  te rm s  o f  P t r a n s l o c a t i o n  i n  t h e  two l egum es .
The f i r s t  h a r v e s t  i n  1979 showed a s i g n i f i c a n t  i n t e r a c t i o n  
between s e e d i n g  d a t e  and l i m e  f o r  a l f a l f a  ( T a b l e  39) and f o r  r e d  
c l o v e r  ( T a b le  4 0 ) .  A l f a l f a  y i e l d s  a t  4 . 6 ,  9 . 2 ,  and 1 3 . 8  t / h a  l ime 
f o r  t h e  May 1978 s e e d i n g  d a t e  we re  4 . 4 ,  4.O.,  and 3 . 7 t / h a ,  r e s p e c t i v e l y ;
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Tab le  37.  Y i e l d s  o f  r e d  c l o v e r  and a l f a l f a  from t h e  A ugu s t  1978 h a r v e s t . 
Each v a l u e  i s  t h e  mean o f  f o u r  r e p l i c a t i o n s .
Seed ing
d a t e
Lime
r a t e Banding
S p e c i e s
A1 f a l f a Red c l o v e r
t / h a t / h a
May 1978 4 . 6 + 0 . 3 9  a* 0.61 a
- 0 . 3 3  a 0 . 6 5  a
9 . 2 + 0 . 5 8  b 0 .6 3  a
- 0 . 5 9  b 0 . 5 9  a
1 3 . 8 + 0 . 5 4  b 0.71 a
- 0 . 5 0  b 0.71 a
*Means w i t h i n  a column f o l l o w e d  by t h e  same l e t t e r  a r e  n o t  
s i g n i f i c a n t l y  d i f f e r e n t  a t  t h e  0 . 0 5  p e r c e n t  l e v e l  a c c o r d i n g  
t o  D uncan 's  New M u l t i p l e  Range T e s t .
Ta b le  38. T issue  com position o f  a l f a l f a  and red  c lo v e r  from th e  1978 h a rv e s t  o f  the  Harmony H i l l  Farm.
Each v a l u e  i s  t h e  mean o f  f o u r  r e p l i c a t i o n s .  The v a l u e s  f o r  banded and non -banded legume were  
combined;  a n a l y s i s  o f  v a r i a n c e  i n d i c a t e d  t h a t  b an d in g  had no s i g n i f i c a n t  i n f l u e n c e  on t i s s u e  
c o m p o s i t i o n .
S p e c i e s  Lime r a t e  N Ca Mg P K A!
t / h a   % ----------------------------------------------- ppm
A l f a l f a  4 . 6  3 . 2 3  0 . 9 3  0 .3 2  0 . 2 4  2 . 5  156
9 . 2  3 .2 2  1 .0 4  0 . 3 4  0 . 2 2  2 . 5  147
1 3 . 8  3 .3 2  0 . 9 4  0 . 3 4  0 . 2 3  2 . 5  149
Red c l o v e r  4 . 6  3 .41 1 . 2 3  0 . 4 3  0 . 2 3  2 . 9  70
9 . 2  3 . 5 8  1 . 1 8  0 . 4 3  0 . 2 4  2 . 5  61
1 3 .8  3 .42  1 .1 6  0 .4 2  0 . 2 5  3 . 0  6 6
Ta b le  39. Y ie ld  o f  a l f a l f a  in  1979 from the  Harmony H i l l  Farm. Each va lue  is  the  mean o f  fo u r  r e p l i c a t i o n s .
S eed ing
d a t e
Lime
r a t e Banding
H a r v e s t s
T o ta lJune J u l y O c to be r
t / h a t / h a
May 1978 4 . 6 _ 3 . 9  a* 3 . 0  a 1 . 7  a 8 . 6  a
+ 4 . 4  a 3 . 5  a 1 . 2  a 9 . 0  a
9 . 2 - 3 . 8  a 2 . 7  a 1 . 4  a 7 . 9  a
+ 4 . 0  a 3 . 0  a 1 . 0  a 8 . 0  a
1 3 .8 - 4.1 a 3 . 2  a 1 . 2  a 8 . 5  a
+ 3 . 7  a 3 . 2  a 0 . 9  a 7 . 8  a
Augus t  1978 4 . 6 0 . 3  a 0 . 6  a 0 . 7  a 1 . 6  a
+ 0 . 6  a 0 . 8  a 0 . 8  a 2 . 2  ab
9 . 2 - 0 . 7  ab 1 . 4  b 0 . 9  a 3 . 0  b
+ 0 . 7  ab 1 . 4  b 0 . 9  a 3 . 0  b
1 3 . 8 - 1 . 0  b 0 . 7  a 0 . 9  a 2 . 6  ab
+ 1 . 0  b 0 . 6  a 0 . 6  a 2 . 2  ab
May 1979 4 . 6 _ 1 0 . 7  a 0 . 9  a 1 . 6  a
+ - 1 . 0  ab 0 . 6  a 1 . 6  a
9 .2 - - 1 . 0  ab 0 . 9  a 1 . 9  ab
+ - 0 . 7  a 0 . 9  a 1 . 6  a
1 3 .8 - - 1 . 5  b 0 . 9  a 2 . 4  b
+ - 0 . 9  ab 1 . 0  a 1 . 9  ab
* W ith in  a seeding d a te ,  means in  a column fo l lo w e d  by the  same l e t t e r  a re  not s i g n i f i c a n t l y  d i f f e r e n t  a t  the
0 .0 5  pe rc e n t  le v e l  accord ing  to  Duncan's New M u l t ip le  Range T e s t .
Th is  seeding was not ha rvested  in  June.
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Ta b le  4 0 .  Y ie ld  o f  red c lo v e r  in  1979 from Harmony H i l l  Farm. Each v a lu e  is  the  mean o f  fo u r  r e p l i c a t i o n s .
Seed in g
d a t e
Lime
r a t e Banding
H a r v e s t s
T o ta lJune J u l y O c to b e r
t / h a t / h a
May 1978 4 .6 _ 2 . 5  a* 1 . 5  a 0 . 2  a 4 . 2  a
+ 2 . 5  a 1 . 5  a 0 . 3  a 4 . 3  a
9 . 2 - 2 . 4  a 2 . 0  a 0 . 3  a 4 . 7  a
+ 2 . 4  a 2 . 0  a 0 . 4  a 4 . 8  a
1 3 .8 - 2 . 5  a 1 . 6  a 0 . 5  a 4 . 6  a
+ 2 . 1  a 1 . 9  a 0 . 4  a 4 . 4  a
A ugus t  1978 4 . 6 _ 0 . 7  a 1 . 0  a 0 . 6  ab 2 . 3  a
+ 0 . 7  a 1 . 0  a 0 . 5  a 2 . 5  a
9 .2 - 0 . 4  a 1 . 4  a 0 . 9  b 2 . 7  ab
+ 0 . 4  a 1 . 4  a 0 . 9  b 2 . 7  ab
1 3 .8 - 1 . 4  b 0 . 9  a 0 . 8  ab 3.1 b
+ 1 . 4  b 0 . 9  a 0 . 6  ab 3 . 0  b
May 1979 4 . 6 _ 1 0 . 4  a 0 . 7  a 1 . 1  a
+ - 0 . 3  a 0 . 8  a 1 . 1  a
9 .2 - - 0 . 9  ab 0 . 9  a 1 . 8  ab
+ - 0 . 9  ab 0 . 9  a 1 . 8  ab
1 3 .8 - - 1 . 4  b 0 . 9  a 2 . 3  b
+ - 1 . 3  b 0 . 9  a 2 . 2  b
* W ith in  a seeding d a te ,  means in  a column fo l lo w e d  by the  same l e t t e r  a re  no t s i g n i f i c a n t l y  d i f f e r e n t  a t
th e  0 .0 5  pe rcen t le v e l  accord ing to  Duncan's New M u l t i p l e  Range T e s t .
'T h is  seeding was not harvested  in  June.
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and f o r  A ug ust  1978 s e e d i n g  d a t e s  t h e  y i e l d s  were  0 . 6 ,  0 . 7 ,  and 1 . 0  t / h a ,  
r e s p e c t i v e l y .  The y i e l d s  f o r  t h i s  A ugu s t  s e e d i n g  f o r  b o th  legumes was 
low which was p r o b a b l y  due t o  c o m p e t i t i o n  from g r a s s e s  and low r a i n f a l l  
i n  t h e  weeks f o l l o w i n g  s e e d i n g  ( T a b le  4 1 ) .  From t h e  s e e d i n g s  made in  
May and August  1978 ,  y i e l d s  f o r  r e d  c l o v e r  were  a p p r e c i a b l y  lo w e r  t h a n  
t h o s e  o f  a l f a l f a .  The p e r c e n t  r e d  c l o v e r  i n  t h e  p l o t s  d e c r e a s e d  from 
89 p e r c e n t  i n  1978 t o  45 p e r c e n t  i n  1979.
A n a l y s i s  o f  t h e  r e d  c l o v e r  r o o t s  i n d i c a t e d  n e c r o s i s  i n  t h e  p i t h  
o f  t h e  crown and i n s p e c t i o n  o f  t h e  t i s s u e  showed t h e  p r e s e n c e  o f  a 
s e v e r e  i n f e c t i o n  o f  Fusar ium s o l a n i  which i s  commonly a s s o c i a t e d  w i th  
r o o t  r o t  ( T a y l o r ,  1 9 7 5 ) .  A c co rd in g  t o  Cressman (1967)  i n t e r n a l  b r e a k ­
down i n  r e d  c l o v e r  i s  n o t  c a u s e d  by any pa th o g en  b u t  i s  a p h y s i o l o g i c a l  
d i s o r d e r  which can  be a g g r a v a t e d  by p oor  n u t r i t i o n  o r  en v i ro n m e n ta l  
s t r e s s .  S i d d i q u i  e t  aJL (1968)  found a d i r e c t  r e l a t i o n s h i p  between 
r o o t  r o t  s e v e r i t y ,  t h e  number o f  Fusar ium p e r  r o o t  and c l i p p i n g  f r e ­
quency.  Cressman (1967)  s t a t e s  t h a t  t h e  s u r v i v a l  o f  r e d  c l o v e r  i s  
d ep e n d en t  on t h e  c a p a c i t y  o f  t h e  p l a n t s  t o  p ro d u c e  a s e c o n d a r y  r o o t  
sys tem  b e f o r e  t h e  o r i g i n a l  crown d e t e r i o r a t e s .  C l i p p i n g ,  i n  e f f e c t ,  
removes p h o t o s y n t h e t i c  c a p a c i t y  and p r o b a b l y  r e d u c e s  r o o t  r e s e r v e s  
which would weaken t h e  p l a n t s '  a b i l i t y  t o  d e v e lo p  a s e c o n d a r y  r o o t  
s y s tem .
In  August  1979 ,  a l l  t h r e e  s e e d i n g  d a t e s  were  h a r v e s t e d  f o r  
a l f a l f a  ( T a b le  39) and r e d  c l o v e r  ( T a b le  4 0 ) .  The y i e l d s  o f  both  
legumes were s i g n i f i c a n t l y  i n f l u e n c e d  by s e e d i n g  d a t e .  The y i e l d s  
o f  a l f a l f a  f o r  t h e  May 1978 ,  August  197 8,  and May 1979 s e e d i n g  d a t e s  
a v e r a g e d  a c r o s s  t h e  l im e  r a t e s  we re  3 . 1 ,  0 . 9 ,  and 1 . 0  t / h a ,  r e s p e c ­



















R a i n f a l l  f rom May t o  S ep tem b er  on a week ly  b a s i s  f o r  1 9 7 7 , 
1978 ,  and 1979.  The r a i n f a l l  d a t a  p r e s e n t e d  h e r e  were 
r e c o r d e d  a t  t h e  o f f i c i a l  Durham, New H a m p sh i re ,  Weathe r  
S t a t i o n .
Years
1977 1978 1979
0 . 1 5
-------------- cm ---------------
0 1 .4 0
5 .5 5 1 . 3 7 .
1 1 . 2 0 '
1 . 0 2
0 . 2 5 1 .4 7
0 0 .6 9 7 .8 2
1 .8 5 3 . 7 8 1 .3 2
4 . 0 0 2 .7 9 0 .3 0
0 . 3 5 0 . 4 6 1 .3 0
3 .1 0 0 .7 6 0 . 9 9
2 .6 5 0 . 6 9 1 . 6 8
0 . 5 5 0 . 1 0 0
0 . 4 0 1 .3 7 0
0 . 1 0 0 . 1 5 2 . 1 8
3 .0 5 0 .8 9 0 . 9 0
2 .3 0 3 . 1 8 2 2 .2 6
0 . 7 5 0 .6 3 4 .8 5
0 . 1 5 0 1 . 2 2
2 . 9 5 1 .4 2 0 . 1 8
>8.15 2 9 .4 8 2 8 .8 9
t h a t  s e e d i n g  was made:
1 May 2 5 ,  1978
2  A ugu s t  1 1 ,  1978
3  May 7 ,  1979
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1979 s e e d i n g  w h i l e  f o r  a l f a l f a ,  t h e  May 1978 s e e d i n g  gave t h e  b e s t  
r e s u l t s .
In  t h e  t h i r d  h a r v e s t  o f  197 9,  t a k e n  i n  l a t e  O c t o b e r ,  a l f a l f a  
y i e l d  was n o t  s i g n i f i c a n t l y  i n f l u e n c e d  by s e e d i n g  d a t e ,  b r o a d c a s t ,  o r  
banded l ime ( T a b l e  3 9 ) .  The a v e r a g e  y i e l d  f o r  a l f a l f a  i n  t h i s  h a r v e s t
was 1 . 0  t / h a .  The y i e l d  o f  r e d  c l o v e r  f o r  May 197 8,  A ugus t  1978,  and
May 1979 s e e d i n g  d a t e s  a v e r a g e d  a c r o s s  t h e  l im e  r a t e s  was 0 . 4 ,  0 . 7 ,  and
.0 .9  t / h a ,  r e s p e c t i v e l y  ( T a b le  4 0 ) .
Lime r a t e  and s e e d i n g  d a t e  d i d  n o t  have any s i g n i f i c a n t  i n f l u e n c e  
on a l f a l f a  n o d u le  number o r  w e i g h t  ( T a b le  4 2 ) .  Date  (1970)  i n d i c a t e d  
t h a t  t h e  n o d u l a t i o n  p a t t e r n  o f  m a tu r e  a l f a l f a  i s  g e n e r a l l y  r e p r e s e n t e d  
by a few l a r g e  lo b e d  n o d u l e s .  The a v e r a g e  n o d u le  w e i g h t  f o r  a l f a l f a  
was 4 . 6  mg. Nodule number i n  r e d  c l o v e r  d i d  i n c r e a s e  s i g n i f i c a n t l y  w i t h  
s e e d i n g  d a t e  ( T a b l e  4 3 ) .  Red c l o v e r  has  been shown t o  have numerous 
smal l  no d u les  s p r e a d  o v e r  i t s  r o o t s  ( D a t e ,  1 9 70) .  For t h e  May 1978 
s e e d in g  d a t e ,  t h e  t o t a l  n o d u l e  w e i g h t  f o r  r e d  c l o v e r  a v e r a g e d  2 0 .9  mg 
f o r  43 n o d u l e s ; a n d  f o r  a l f a l f a ,  t h e  w e i g h t  a v e r a g e d  2 3 . 8  mg f o r  6 
n o d u l e s .
The f a i l u r e  o f  b and ing  l i m e  t o  i n f l u e n c e  y i e l d  was p r o b a b l y  co n ­
n e c t e d  t o  t h e  r e d u ced  a c i d i t y  i n  t h e  s o i l  p r o f i l e  i n d u c e d  by t h e  b r o a d ­
c a s t  l i m e .  By t h e  f i r s t  s e e d i n g ,  May 1978,  t h e  s o i l  pH i n  t h e  t op  
5 cm o f  t h e  s o i l  p r o f i l e  a v e r a g e d  5 . 8 ,  and t h e  A1 s a t u r a t i o n  had been 
r e duced  t o  l e s s  t h a n  1 p e r c e n t  a t  t h a t  d e p t h .  The l e v e l  o f  Ca i n  t h e  
s o i l  exceeded  1500 ppm and t h e  l e v e l  o f  a v a i l a b l e  P a v e r a g e d  10 ppm.
The b r o a d c a s t  l i m e  p e n e t r a t e d  t h e  s o i l  p r o f i l e  enough t o  p r o v i d e  an 
ad e q u a t e  en v i ro n m e n t  f o r  s e e d l i n g  growth and n o d u l a t i o n .
Table 42. Nodule number and weight for a l f a l f a  as influenced by
l i m e s t o n e  t r e a t m e n t . Each v a l u e  i s  t h e  mean o f  f o u r
r e p l i c a t i o n s .
Seeding Lime Nodule number Weight
d a t e Rate p e r  n o d u le p e r  n o d u l e
t / h a mg
May 1978 4 . 6 5 . 7 1 4 . 0
1 3 .8 6 . 3 3 . 6
August  1978 4 . 6 4 . 3 4 . 7
1 3 .8 5 . 4 4 . 2
May 1979 4 . 6 5 .9 4 . 2
13 .8 5 . 5 5 .0
No s i g n i f i c a n t  d i f f e r e n c e s  i n  a l f a l f a  n o d u le  number o r  
w e ig h t  due t o  s e e d i n g  d a t e  a n d / o r  l im e  r a t e  a c c o r d i n g  
t o  a n a l y s i s  o f  v a r i a n c e .
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Tab le  43 .  Nodule number and w e i g h t  f o r  r e d  c l o v e r  a s  i n f l u e n c e d  by
l i m e s t o n e  t r e a t m e n t . Each v a l u e  i s  t h e  mean o f f o u r
r e p l i c a t i o n s .
Seed ing Lime Nodule number Weigh t
d a t e r a t e p e r  n o d u le p e r  no d u le
t / h a mg
May 1978 4 . 6 39 c* 0 .6  a
1 3 .8 46 c 0 . 4  a
August  1978 4 . 6 24 b 0 . 9  a
1 3 .8 19 ab 0 .8  a
May 1979 4 . 6 13 a 0 .8  a
1 3 .8 12 a 1 .1  a
*Means w i t h i n  a column f o l l o w e d  by t h e  same l e t t e r  a r e  n o t  
s i g n i f i c a n t l y  d i f f e r e n t  a t  t h e  0 . 0 5  p e r c e n t  l e v e l  a c c o r d i n g  
t o  Du ncan 's  New M u l t i p l e  Range T e s t .
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The d a t a  i n  t h e  e x p e r i m e n t  i n d i c a t e d  t h a t  good y i e l d s  o f  a l f a l f a  
can be a c h i e v e d  i n  t h e  y e a r  f o l l o w i n g  e s t a b l i s h m e n t  by r e d u c i n g  a c i d i t y  
in  t h e  t op  10 cm o f  t h e  s o i l  p r o f i l e  i f  a d e q u a t e  P l e v e l s  e x i s t .
Lo ngev i ty  o f  t h e  s t a n d  has n o t  y e t  been d e t e r m in e d  u n d e r  such c o n d i ­
t i o n s .  In t h i s  e x p e r i m e n t ,  t h e  l e v e l s  o f  A1 were r e d u c e d  from an
a v e rag e  o f  15 p e r c e n t  t o  1 p e r c e n t ,  and t h e  a v a i l a b l e  P l e v e l s  i n c r e a s e d
from 7 t o  14 ppm i n  t h e  t o p  5 cm o f  t h e  s o i l  f o l l o w i n g  l i m e s t o n e  and 
P a p p l i c a t i o n .  Whi le  t h e  e f f e c t s  o f  s u b s o i l  a c i d i t y  on l o n g - t e r m  
a l f a l f a  growth a r e  n o t  known, t h e  c o n t i n u a t i o n  o f  t h i s  e x p e r i m e n t  sh o u ld
p r o v i d e  u s e f u l  i n f o r m a t i o n  on t h i s  pro blem .
Study  2:  I n f l u e n c e  o f  B r o a d c a s t  L im es tone  and B r o a d c a s t  and
Banded Phosphurous  on t h e  Growth o f  A l f a l f a  and Red C l o v e r . A 1 f a l f a  and 
r e d  c l o v e r  we re  e s t a b l i s h e d  a t  t h e  Demer i t  L i v e s t o c k  Farm in  L e e ,  New 
Hampsh ire ,  i n  a H i n c k l e y  san d y  loam w i t h  a Zip  s e e d e r  i n  A ugu s t  1978.  
D o lo m i t i c  l i m e ,  h y d r a t e d  l i m e ,  and a l i m e  check  t r e a t m e n t  were  e s t a b ­
l i s h e d  i n  Ju n e  1978.  B r o a d c a s t  and banded P were  a p p l i e d  i n  A ug us t  
a t  s e e d i n g .  Thre e  h a r v e s t s  were  t a k e n  i n  1979 f o r  bo th  l eg um es .
The i n i t i a l  a n a l y s i s  o f  t h e  s o i l  t a k e n  i n  Augu s t  1977 showed l e v e l s  
o f  Ca,  Mg, and K i n  t h e  t o p  5 cm o f  t h e  s o i l  p r o f i l e  o f  520,  180,  and 
70 ppm, r e s p e c t i v e l y  ( T a b le  4 4 ) .  S o i l  pH was a un i fo rm  5 . 6  down t o  
20 cm, b u t  A1 s a t u r a t i o n  i n c r e a s e d  from 2 . 7  p e r c e n t  a t  t h e  0 -2  cm d ep th  
t o  11 .6  p e r c e n t  a t  10-20 cm. The l e v e l s  o f  a v a i l a b l e  P we re  i n  t h e  
medium ra n g e  a c c o r d i n g  t o  t h e  g u i d e l i n e s  e s t a b l i s h e d  by O lsen  and 
Dean ( 1 9 6 9 ) .
The cha ng es  i n  s o i l  c h e m i s t r y  due t o  h y d r a t e d  l im e  we re  o b v io u s  
in  J u l y  1978,  one month a f t e r  l im e  a p p l i c a t i o n  ( T a b le  4 5 ) .  S o i l  pH 
av e ra g e d  o v e r  t h e  t o p  5 cm o f  t h e  p r o f i l e  a t  1 . 2  and 2 . 3  t / h a  h y d r a t e d
Table 44. I n i t i a l  chemical analys is  o f  the Hinckley sandy loam s o i l .  Each value i s  the mean of four
r e p ! i  c a t i  o n s .
S o i l
d ep th PH Ca Mg K Al P
Al ! 
s a t u r a t i o n
cm Meq/100 g ppm %
0 - 2 5 . 6  a* 3 . 2  c 2 .0  b 1 .0  a 0 . 1 7  a 15 b 2 . 7  a
2 -  5 5 . 6  a 2 .0  b 1 .0  ab 1 .0  a 0 .2 0  ab 16 b 6 . 3  ab
5 - 1 0 5 . 6  a 1 .1  ab 0 .6  a 0 . 9  a 0 . 2 7  be 10 a 9.1 be
10 -  20 5 . 6  a 0 . 9  a 0 .6  a 0 . 7  a 0 . 2 9  c 9 a 1 1 .6  c
^A1 s a t u r a t i o n  = A l / ( C a  + Mg + K + Al)  x 100
*Means within a column followed by the same l e t t e r  are not s ig n i f i c a n t l y  d i f ferent  at  0.05 percent
level  according to Duncan's New Multiple Range Test.
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T a b le  45 .  S o i l  a n a l y s i s  o f  t h e  H in ck ley  sandy  loam i n  J u l y  1978.  Each v a l u e  i s  t h e  mean o f  f o u r  r e p l i c a t i o n s .
Lime
t r e a t m e n t s
S o i l
dep th pH Ca Mg K Al P A1 .  1 s a t u r a t i o n
No l im e
cm 
0 - 2 5 .6 a* 3 . 8 c
Meq/100 g —  




2 .0  a
2 - 5 5 .5 a 2 .0 b 1 .2 b 1 .0 a 0 . 1 8 a 18 b 4.1 a
5 - 10 5 . 6 a 1.1 a 0 . 7 a 0 .6 a 0 . 3 3 b 10 a 1 1 .8  b
H ydra ted
1 .1 2  t / h a 0 - 2 6 . 5 b 9 .0 c 2 . 7 c 1 .8 b 0 a 12 a 0 a
2 - 5 6 .2 b 3 .5 b 1 . 5 b 0 .8 a 0 a 10 a 0 a
5 - 10 5 . 8 a 1 .6 a 0 .6 a 0 .8 a 0 .1 5 b 10 a 4 . 8  b
2 . 3  t / h a 0 2 6 .8 b 1 2 .6 c 2 .2 c 1.1 a 0 a 11 a 0 a
2 - 5 6 . 7 b 3 .6 b 1 . 4 b 1 .0 a 0 a 11 a 0 a
5 - 10 6 .0 a 1 . 4 a 0 .2 a 0 . 7 a 0 .1 0 b 10 a 4 . 2  b
D o lo m i t i c
6 . 9 0  t / h a 0 - 2 5 . 8 b 8 .9 c 4 . 7 b 1.1 a 0.01 a 15 b 0 .1  a
2 - 5 5 .7 ab 3 .5 b 1 .0 a 1 .0 a 0.11 b 16 b 2 .0  b
5 - 10 5 .6 a 1 . 9 a 1 .0 a 0 .8 a 0 . 2 7 c 10 a 7 . 2  c
1 3 . 8  t / h a 0 2 5 .9 c 8 .6 b 4 .6 c 1 .6 b 0 .11 a 16 b 0 . 7  a
2 - 5 5 . 7 b 2 . 3 a 1 .6 b 1 .0 a 0 .1 3 a 15 b 2 .6  b
5 10 5 . 5 a 2 .8 a 0 .8 a 0 .8 a 0.19 b 10 a 4.1 c
*Means within a column followed by the same l e t t e r  are not s ig n i f i c a n t l y  d i f fere n t  at  the 0.05 percent leve l
according to Duncan's New Multiple Range Test.
'Al saturation = Al/(Ca + Mg + K + Al) x 100
128
l ime was 6 . 3  and 6 . 5 ,  r e s p e c t i v e l y .  Aluminum s a t u r a t i o n  was r e d u c e d  t o  
0 in  t h e  0-2  and 2 -5  cm d e p t h s  and t o  4 p e r c e n t  i n  t h e  5-10 cm d e p t h .  
There  were no s i g n i f i c a n t  cha nges  i n  Mg o r  K i n  t h e  s o i l  p r o f i l e ,  b u t  
Ca l e v e l s  exc eed e d  1800 ppm i n  t h e  0 -2  cm d ep th  and 700 in  t h e  2 -5  cm 
d e p t h .  S o i l  P l e v e l s  s i g n i f i c a n t l y  d e c r e a s e d  from 16 ppm i n  t h e  t o p  
5 cm i n  Augu s t  1977 t o  10 ppm i n  J u l y  1978.  The l a s t  s o i l  sample  
which was c o l l e c t e d  i n  S e p tem b er  1979 showed no s i g n i f i c a n t  cha nges  
i n  pH, A l , Ca,  K, o r  P from t h e  J u l y  1978 sample  i n  t h e  p l o t s  w i t h  0 kg 
P20 5/ h a  (T a b le  4 5 ) .
In t h e  p l o t s  t h a t  r e c e i v e d  d o l o m i t i c  l i m e s t o n e ,  changes  i n  s o i l  
c h e m i s t r y  c o n t i n u e d  t h r o u g h o u t  t h e  e x p e r i m e n t .  S o i l  pH a v e r a g e d  o v e r  
t h e  t o p  5 cm o f  t h e  p r o f i l e  i n  J u l y  1978 and Sep tem b e r  1979 was 5 . 8  
and 6 . 4  a t  1 3 . 8  t / h a  d o l o m i t i c  l i m e .  Aluminum s a t u r a t i o n  a t  t h i s  h igh 
l ime r a t e  o f  d o l o m i t e  was 0 . 7 ,  2 . 6 ,  and 4 .1 p e r c e n t  i n  t h e  0 - 2 ,  2 - 5 ,  
and 5-10 cm s o i l  d e p t h ,  r e s p e c t i v e l y ,  i n  J u l y  1978.  By Sep tem ber  
1979,  t h e  Al s a t u r a t i o n  was r e d u ce d  t o  l e s s  t h a n  2 p e r c e n t  down to  
10 cm a t  b o th  r a t e s  o f  d o l o m i t i c  l i m e s t o n e  ( T a b l e  4 8 ) .
The a p p l i c a t i o n  o f  b r o a d c a s t  P r e d u c e d  t h e  Al l e v e l s  i n  t h e  un­
l imed p l o t s  t o  l e v e l s  com p ar ab le  t o  t h o s e  i n  t h e  h y d r a t e d  and d o l o m i t i c  
p l o t s  i n  t h e  t o p  5 cm o f  t h e  s o i l  p r o f i l e  ( F i g u r e  18) and i n c r e a s e d  
t h e  a v a i l a b i l i t y  o f  s o i l  P i n  a l l  t h e  p l o t s  ( T a b le s  4 6 ,  4 7 ,  4 8 ) .  The 
i n c r e a s e  i n  a v a i l a b l e  P was s m a l l e r  i n  t h e  h y d r a t e d  p l o t s  compared t o  
t h e  unl imed  and d o l o m i t i c  l i m e  p l o t s  ( T a b le  4 6 ,  4 7 ,  4 8 ) ;  t h e  h y d r a t e d  
l ime seem t o  r e d u c e  t h e  amount  o f  P e x t r a c t a b l e  by Bray #1.
The s i n g l e  a p p l i c a t i o n  o f  240 kg banded P20 g / h a  produced  s i g ­
n i f i c a n t l y  h i g h e r  y i e l d s  o f  a l f a l f a  t h a n  t h e  s i n g l e  a p p l i c a t i o n  o f  
400 kg b r o a d c a s t  P20 g / h a  i n  t h e  un l imed  and h y d r a t e d  p l o t s .  The
T a b le  46.  S o i l  a n a l y s i s  o f  t h e  un l imed H in ck le y  sandy  loam i n  Septem ber  1979.  Each v a l u e  i s  t h e  mean o f
f o u r  r e p l i c a t i o n s .
Pho sph oras
r a t e s
S o i l
dep th pH Ca Mg K Al P
Al
s a t u r a t i o n
kg P2 0 5 / h a cm _ . Meq/100 g . ppm %
0 0 - 2 5 . 6  a* 3 . 4  e 2 .0  e f 1 . 5  e 0 . 1 5  b 18 b 2.1  c
2 - 5 5 . 7  a 1 . 5  b 1 .0  cd 1 .0  c 0 . 1 5  b 16 b 4.1 d
5 - 1 0 5 .6  a 1 .0  a 0 . 3  a 0 .8  b 0 .1 3  b 10 a 9 . 3  f
10 -  20 5 . 6  a 1 .0  a 0 . 3  a 0 . 3  a 0 . 1 9  c 10 a 9 .1 f
220 0 - 2 5 . 7  a 3 . 0  e 2 . 3  fg 1 .0  cd 0 a 70 e 0 a
2 - 5 5 .6  a 2 .0  c 1 .2  d 1 .0  cd 0 .0 2  a 48 c 0 . 5  ab
5 - 1 0 5 .6  a 0 . 9  a 0 .6  ab 0 . 9  be 0 .0 7  a 20 b 2 .8  c
10 -  20 5 . 6  a 0 .8  a 0 . 7  be 0 .6  ab 0 .2 2  c 19 b 9 . 5  f
440 0 - 2 5 . 7  a 2 . 7  d 2 . 5  g 1 . 3  d 0 .0 2  a 128 f 0 . 3  a
2 - 5 5 .6  a 2 .0  d 1 .7  e 1 .0  cd 0 . 0 3  a 61 d 0 .6  b
5 - 1 0 5 . 6  a 0 .8  a 1 .2  d 0 .8  be 0 .1 2  b 58 d 4.1  d
10 -  20 5 .6  a 1 .0  a 0 . 5  ab 0 . 9  be 0 .21  c 18 b 8 .0  e
^A1 s a t u r a t i o n  = A l / ( C a  + M g+A l)  x 100
*Means within a column followed by the same l e t t e r  are not s ig n i f i c a n t l y  d i f ferent  at  the 0.05 percent
leve l  according to Duncan's New Multiple Range Test.
Table 47. Soil analysis  o f  the Hinckley sandy loam treated with 2.3 t /ha hydrated lime and sampled in
Sep tember  1979. Each v a l u e  i s  t h e  mean o f  f o u r  r e p l i c a t i o n s .
Phosphorus
r a t e
S o i l
d ep th pH Ca Mg K Al P A1 • 1 s a t u r a t i o n
kg P2 0 5 / h a cm -------  Meq/100 g ------------ ppm %
0 0 - 2 6 .1  e* 1 0 .0  d 1 .2  be 1 .0  a 0 .01a 19 b 0 . 0 7  a
2 -  5 5 . 9  cd 4 . 8  be 1 .0  b 1 .0  a 0 .11  b 18 b 0 . 6 0  b
5 - 1 0 5 . 6  a 2 .0  a 1 .0  b 0 .8  a 0 .1 3  b 13 a 3 . 3 0  d
10 -  20 5 . 6  a 1 .0  a 0 . 5  a 0 .8  a 0 . 3 2  d 12 a 1 2 .2 0  g
220 0 - 2 6 .2  f 1 0 .0  d 1 . 4  c 0 . 9  a 0 a 70 e 0 a
2 - 5 6 . 4  g 4 . 0  be 1 .0  b 1 .0  a 0 . 0 3  a 64 d 0 .5 0  b
5 - 1 0 6 .0  de 2 .0  ab 0 . 9  b 0 .8  a 0 . 0 4  a 46 c 1 .1 0  c
10 -  20 5 . 8  be 1 .0  a 0 .8  b 0 .8  a 0 .2 3  c 18 f 8 . 2 3  e
440 0 - 2 6 . 4  g 1 0 .2  d 1 .0  b 0 .8  a 0 a 88 f 0 a
2 - 5 6 .1  e f 5 . 5  c 1 .0  b 0 .8  a 0 a 64 d 0 a
5 - 1 0 5 . 8  b 3 .0  ab 0 . 9  b 1 .0  a 0 .2 0  a 63 d 3 .9  d
10 -  20 5 . 7  ab 1 .0  a 0 .8  b 1 .0  a 0 .3 0  a 20 b 9 . 7  f
^A1 s a t u r a t i o n  = A l / ( C a  + Mg + K) x 100
*Means within a column followed by the same l e t t e r  are not s ig n i f i c a n t l y  d i f fere n t  at  the 0.05 percent
leve l  according to Duncan's New Multiple Range Test .
Table 48. Soil analysis  o f  the Hinckley sandy loam treated with 13.8 t /ha dolomitic limestone and sampled
i n  S ep tember  1979.  Each v a l u e  i s  t h e  mean o f  f o u r  r e p l i c a t i o n s .
Phosphorus
r a t e
S o i l
d ep th pH Ca Mg K Al P
Al
s a t u r a t i o n
kg P2 0 5 / h a cm -------- Meq/100 g ------------- ppm %
0 0 - 2 6 .2  de* 10.1  d 5 .2  f  1 . 2  ab 0 a 17 b 0 a
2 - 5 6 . 3  e f 7 . 8  c 3 . 2  d 1 . 0  a 0 .0 2  a 18 b 0 . 1 7  a
5 - 1 0 5 . 7  be 1 .2  a 2.1 b 0 . 9  a 0 . 0 8  ab 10 a 1 .1 0  b
10 -  20 5 . 8  d 1 .0  a 0 . 5  a 0 . 8  a 0 . 2 8  d 10 a 1 0 .8 5  c
220 0 - 2 6 . 4  f 1 1 . 2 e 4.1 e 1 .5  b 0 a 95 f 0 a
2 - 5 6 .2  de 8.1  c 3 . 0  cd 1 .0  a 0 . 0 4  a 64 d 0 . 3 0  a
5 - 1 0 5 . 8  c 3 . 7  b 2 .0  b 0 .8  a 0 . 0 8  ab 47 c 1 .2 0  b
10 -  20 5 . 6  b 1 .0  a 0 . 5  a 0 .8  a 0 .21  c 10 a 9 .3 6  c
440 0 - 2 6 .6  g 9 . 6  d 2 . 3  b 1 .0  a 0 a 135 g 0 a
2 - 5 6.1  d 7 . 5  c 2 .8  c 1 .0  a 0 .0 2  a 76 e 0 .2 0  a
5 - 10 5 . 7  cd 3 .2  b 2 .1  b 0 .8  a 0 .11 b 40 c 1 .8 0  b
10 - 20 5 . 4  a 1 .0  a 0 . 5  a 0 .8  a 0 . 3 0  d 15 a 9.31 c
^A1 s a t u r a t i o n  = A l / (C a  + Mg + K + A l ) x 100
*Means within a column followed by the same l e t t e r  are not s ig n i f i c a n t l y  d i f ferent  at the 0.05 percent
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F ig u r e  18.  E f f e c t  o f  phosp h o ru s  f e r t i l i z e r  on aluminum s a t u r a t i o n  a t  
v a r i o u s  s o i l  d e p t h s  as shown by r e g r e s s i o n  a n a l y s i s .
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co m bina t ion  o f  t h e s e  two P t r e a t m e n t s  i n c r e a s e d  t h e  y i e l d s  s i g n i f i c a n t l y  
over  t h e  o t h e r  P t r e a t m e n t s  a t  1 3 . 8  t / h a  d o l o m i t i c  l im e  ( T a b l e  4 9 ) .  The 
y i e l d s  o f  a l f a l f a  w i t h  t h e  s i n g l e  banded t r e a t m e n t  i n  t h e  u n l i m e d ,  2 . 3  
t / h a  h y d r a t e d  l ime and 1 3 . 8  t / h a  d o l o m i t i c  l im e  p l o t s  were  6 . 6 ,  6 . 7 ,  
and 6 . 5  t / h a ,  r e s p e c t i v e l y .  The a d d i t i o n  o f  t h e  banded  P e l i m i n a t e d  
t h e  l im e  r e s p o n s e  i n  a l f a l f a .
With r e d  c l o v e r ,  t h e  s i n g l e  a p p l i c a t i o n  o f  banded P was more 
e f f e c t i v e  t h a n  b r o a d c a s t  P i n  i n c r e a s i n g  y i e l d s  o n l y  i n  t h e  un l imed 
p l o t s  ( T a b le  5 0 ) .  The y i e l d s  o f  r e d  c l o v e r  w i t h  t h i s  s i n g l e  banded P 
t r e a t m e n t  i n  t h e  u n l i m e d ,  2 . 3  t / h a  h y d r a t e d  and 1 3 . 8  t / h a  d o l o m i t i c  
l ime p l o t s  were  6 . 4 ,  3 . 6 ,  and 5 . 4  t / h a ,  r e s p e c t i v e l y .  The h y d r a t e d  
l ime s i g n i f i c a n t l y  r e d u c e d  c l o v e r  y i e l d s  r e l a t i v e  t o  t h e  d o l o m i t i c  
l ime and un l imed  p l o t s .
The i n f l u e n c e  o f  banded P on f o r a g e  legume growth  has  been d i s ­
cussed  by s e v e r a l  r e s e a r c h e r s  (Brown,  1950 ;  L ev e s s u e  and K e tc h e s o n ,
1963;  T a y l o r ,  1 975) .  A c co rd in g  t o  L evessue  and Ke tc hes on  banded P 
i s  b e n e f i c i a l  t o  a l f a l f a  s e e d l i n g  growth i n  t h e  f i r s t  f o u r  t o  s i x  weeks
a f t e r  s e e d i n g  b u t  o f f e r s  no y i e l d  a d v a n t a g e .  Brown (1950)  s t a t e d  t h a t
banded s u p e r p h o s p h a t e  i n c r e a s e d  s e e d l i n g  growth  f o r  a l f a l f a ,  b u t  t h e  
y i e l d s  d id  n o t  d i f f e r  s i g n i f i c a n t l y  from p l a n t s  t r e a t e d  w i t h  b r o a d c a s t  
s u p e r p h o s p h a t e .  The i n c r e a s e  i n  y i e l d  o f  t h e  two legumes from t h e  
banded P t r e a t m e n t s  was p r o b a b l y  due t o  t h e  N added from t h e  mono­
ammonium p h o s p h a t e  (MAP). The MAP i s  l i q u i d  and was u sed  due t o  i t s  
s o l u b i l i t y  and u s e f u l n e s s  as a t r e a t m e n t .  Th i s  compound i s  12 p e r c e n t  
N which means t h a t  2 7 . 5  kg N/ha was added a t  t h e  h ig h  r a t e  o f  b a n d i n g .
Accord ing t o  Rhykerd and Overdahl  ( 1 9 7 2 ) ,  t h e  b a n d in g  o f  P and N i s
Table 49. Total yield for alfalfa In 1979 from the Demerit experiment. Each value is the mean of four
r e p l i c a t i o n s .
Phosphorus  T r e a t m e n t s
kg P2 0 5 / h a
Lime










No l ime 6 .6  b*C** 4 . 3  aA 6 . 3  aBC 5 .9  bB 4 . 7  aA 6 .8  bC 5 . 8
1 .1 2  t / h a  
H y dra ted 5 . 8  aBC 5 . 3  bA 6 . 2  aC 5 . 5  bAB 5.1 abA 5 . 8  aBC 5 .6
2 . 3 0  t / h a  
H y dra ted 6 . 7  bC 5 . 8  bcB 7 .0  bC 4 . 9  aA 5 .7  bB 6 .9  bC 6 .2
6 .9 0  t / h a  
D o lo m i t i c 6 . 0  abAB 6 . 3  cB 6 . 9  bC 5 . 8  bA 6.1 cAB 6 . 4  bB 6 .2
1 3 . 8  t / h a  
D o lo m i t i c 6 . 5  bAB 6 . 3  cA 7 . 2  bC 6 . 7  cB 6 . 3  cA 7 . 5  cC 6 .8
1 ? banded ^ b r o a d c a s t
*Means w i t h i n  a column f o l l o w e d  by t h e  same sm al l  l e t t e r  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  a t  t h e  0 . 0 5  p e r c e n t  
l e v e l  a c c o r d i n g  t o  Du nc an 's  New M u l t i p l e  Range T e s t .
**Means w i t h i n  a row f o l l o w e d  by t h e  same c a p i t a l  l e t t e r  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  a t  t h e  0 . 0 5  p e r c e n t
l e v e l  a c c o r d i n g  t o  Duncan ' s  New M u l t i p l e  Range T e s t .
T a b le  50. T o t a l  y i e l d  o f  r e d  c l o v e r  i n  1979 from t h e  Demeri t  e x p e r i m e n t . Each v a l u e  i s t h e  mean o f  t h r e e
r e p l i c a t i o n s .
Phosphorus  T re a tm e n t s
k g  P20 5/ h a
Lime











t / h a
No l ime 6 . 4  d*B** 5 . 4  bcA 4 . 7  aA 6 . 7  cB 6 .2 bB 5 . 3  bA 5 . 8
1 .1 2  t / h a  
Hyd ra ted
5 . 0  bcC 5 . 4  cD 4 . 3  aAB 4 . 8  aBC 4.1 aA 6 . 0  cD 4 . 9
2 .3 0  t / h a  
Hyd ra ted
3 . 6  aA 3 . 5  aA 4 . 7  aC 4 . 5  aBC 3 .9 aAB 4 . 0  aAB 4 . 0
6 . 9  t / h a  
D o lo m i t i c
4 . 6  bA 4 . 9  bA 6.1 bC 5 .6  bB 6 .0 bC 6.1 cC 5 . 7
1 3 .8  t / h a  
D o lo m i t i c
5 . 4  cA 5 . 8  cAB 7 . 4  cD 6 . 0  bCD 6 . 5 bC 7 . 8  dD 6 .1
^banded ^ b r o a d c a s t
*Means w i t h i n  a column f o l l o w e d  by t h e  same smal l  l e t t e r  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  a t  t h e  0 . 0 5  
p e r c e n t  l e v e l  a c c o r d i n g  t o  Duncan ' s  New M u l t i p l e  Range T e s t .
**Means w i t h i n  a row f o l l o w e d  by t h e  same c a p i t a l  l e t t e r  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  a t  t h e  0 .0 5  
p e r c e n t  l e v e l  a c c o r d i n g  t o  Duncan ' s  New M u l t i p l e  Range T e s t .
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more e f f e c t i v e  i n  i m p ro v in g  a l f a l f a  growth  th a n  banded P a l o n e  p ro v i d e d  
t h a t  t h e  r a t e s  o f  N a r e  k e p t  low.
T h e re  were  no s i g n i f i c a n t  c o r r e l a t i o n s  between l e v e l s  o f  A1 and P 
in  a l f a l f a  t i s s u e  w i t h  l i m e ,  P a p p l i c a t i o n  o r  s o i l  c h a r a c t e r i s t i c s  (Tab! 
5 1) .  The l e v e l  o f  t i s s u e  A1 in  t h e  u n l i m e d ,  2 . 3  t / h a  h y d r a t e d  and 1 3 .8  
t / h a  d o l o m i t i c  l ime  p l o t s  was 9 9 ,  8 7 ,  and 89 ppm, r e s p e c t i v e l y .  The 
l e v e l  o f  P i n  a l f a l f a  t i s s u e  a v e r a g e d  0 . 3 3  p e r c e n t  a c r o s s  a l l  t r e a t m e n t s  
The Ca l e v e l s  i n  a l f a l f a ,  ho wever ,  we re  s i g n i f i c a n t l y  h i g h e r  i n  t h e  
h y d r a t e d  p l o t s  t h a n  t h e  un l imed  o r  d o l o m i t i c  l im e  p l o t s  w h i l e  t h e  con ­
c e n t r a t i o n  o f  Mg i n  t h e  t i s s u e  was h i g h e s t  i n  t h e  d o l o m i t i c  p l o t s .
For r e d  c l o v e r ,  t h e r e  were  no s i g n i f i c a n t  d i f f e r e n c e s  i n  t i s s u e  
n u t r i e n t  l e v e l s  between un l imed and d o l o m i t i c  l i m e s t o n e  p l o t s  (T a b le  52) 
The l e v e l s  o f  P i n  t h e  t i s s u e  t r e a t e d  w i t h  h y d r a t e d  l i m e ,  how eve r ,  was 
42 p r e c e n t  l o w e r  t h a n  i n  t h e  o t h e r  l im e  t r e a t m e n t s .  At t h e  s i n g l e  
banded P t r e a t m e n t ,  t h e  c o n c e n t r a t i o n  o f  P i n  r e d  c l o v e r  t i s s u e  f o r  
u n l im e d ,  2 . 3  t / h a  h y d r a t e d  and 1 3 . 8  t / h a  d o l o m i t i c  l im e  p l o t s  was 0 . 3 4 ,  
0 . 1 9 ,  and 0 . 3 5  p e r c e n t ,  r e s p e c t i v e l y .  The l e v e l s  o f  Ca i n  c l o v e r  
a v e ra g e d  1 . 6  p e r c e n t  i n  t h e  h y d r a t e d  p l o t s  w h i l e  t h e  l e v e l s  o f  t h e  
e l em e n t  a v e r a g e d  1 . 0  p e r c e n t  i n  d o l o m i t i c  p l o t s .  The A1 c o n c e n t r a t i o n  
in  t h e  r e d  c l o v e r  d i d  n o t  v a r y  between t r e a t m e n t s ,  b u t  t h e  r a t i o  o f  A l /P  
rang ed  from 0 . 0 3  i n  t h e  un l imed  p l o t s  and d o l o m i t i c  p l o t s  t o  0 . 0 5  in  
t h e  h y d r a t e d  p l o t s .
Nodule  number and w e i g h t  p e r  n o d u l e  i n c r e a s e d  w i t h  t h e  r a t e  o f  
b r o a d c a s t  P i n  a l l  t h e  l i m e  t r e a t m e n t s  f o r  a l f a l f a  ( T a b l e  5 3 ) .  With 
t h e  h igh r a t e  o f  d o l o m i t i c  l i m e ,  n o d u le  w e i g h t  do u b led  w i t h  i n c r e a s i n g  
b r o a d c a s t  t r e a t m e n t s .  The n o d u le  number f o r  a l f a l f a  i n  t h e  u n l im e d ,
Table 51. Chemical composition of alfalfa from the Demerit experiment taken from the June 1979
harvest. Each value is the mean of four replications.
Lime
t r e a t m e n t
Banded
P
B r o a d c a s t
P Ca Mg A1
KgP205/ha ppm
0 t / h a 240 0 3.51 bed* 1 .0 3  a 0 .2 2 ab 0 .3 5 b 2 . 9 b 99 ab
0 440 3.42 abed 1 .0 0  a 0 .2 3 ab 0.31 ab 2 . 4 ab 121 cd
120 220 3 .5 6 cd 1 .0 3  a 0 .2 2 ab 0.31 ab 2 .7 ab 107 abed
120 440 3 .5 2 cd 1 .0 7  a 0 .2 2 ab 0 .3 2 ab 2 . 5 ab 101 abc
240 220 3.21 ab 1 .0 7  a 0 .2 2 ab 0.31 ab 2 .8 b 121 cd
240 440 3. 50 abed 1 .0 7  a 0 .2 2 ab 0 .3 2 ab 2 .5 ab 122 d
H y dra ted  Lime 240 0 3 .4 8 abed 1 .4 7  b 0.21 ab 0 .2 3 a 2 .6 ab 87 a
1 .0  t / h a 0 440 3.41 abed 1 .5 6  b 0 . 2 3 ab 0 .3 0 ab 2 .8 b 107 abed
120 220 3.21 ab 1.61 b 0 .2 0 a 0 .3 2 ab 2 . 4 ab 107 abed
120 440 3.51 bod 1 . 5 8  b 0 .2 0 a 0. 32 ab 2 .2 a 100 abc
240 220 3 .5 6 cd 1.41 b 0 .2 2 ab 0 . 3 4 b 2 . 5 ab 101 abc
240 440 3 .5 7 cd 1 .4 3  b 0 .2 2 ab 0 .3 2 ab 2 . 5 ab 102 abed
D o l o m i t i c  Lime 240 0 3 .4 2 abed 1 .0 3  a 0 .2 6 ab 0 .2 5 a 2 .9 a 89 a
1 3 . 8  t / h a 0 240 3 .2 7 abc 1 .0 2  a 0 . 2 5 ab 0 .3 2 ab 2 . 9 a 89 a
c o n t i n u e d
T a b le  51 ( c o n t i n u e d )
Lime
t r e a t m e n t
Banded
P
B r o a d c a s t
P N Ca Mg P K A1
KgP20 5/ h a % ppm
120 220 3 .2 0 a 1 .0 2 a 0 . 2 7 b 0 .3 2 ab 2 .8 a 107 abed
120 440 3.61 d 1 .0 3 a 0 .2 6 ab 0 .3 2 ab 2 . 5 ab 91 ab
240 220 3 .4 2 abed 1 .0 3 a 0 .2 6 ab 0 .3 5 b 2 .5 ab 110 bed
240 440 3 .4 3 abed 1 .03 a 0 .2 7 b 0 .3 2 ab 2 .5 ab 121 cd
* numbers w i t h i n  a column f o l l o w e d  by t h e  same l e t t e r  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  a t  
t h e  0 . 0 5  l e v e l  a c c o r d i n g  t o  Du nc an 's  New M u l t i p l e  Range Law.
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Table 52. Chemical composition of red clover from the Demerit experiment taken from the June 1979
harvest. Each value is the mean of four replications.
Lime Banded B r o a d c a s t
t r e a t m e n t P P N Ca Mg P K A1
KgP205/ h a %- ppm
0 t / h a 240 0 3.01 a* 1 .01  a 0 . 2 5 ab 0 . 3 0 ab 1 . 9 ab 88 abed
0 440 3 .0 2 a 1 .0 4  a 0 . 2 5 ab 0 .3 4 b 2 . 7 bed 81 abc
120 220 3.21 cd 1.06  a 0 . 2 8 abc 0 .3 2 b 1 .8 a 92 abed
120 440 3 .0 6 abc 1 . 0 4  a 0 .3 2 abed 0 .3 0 ab 2 .2 abed 89 abed
240 220 3 .0 2 a 1 . 0 4  a 0 .3 2 abed 0 . 3 5 b 2 . 5 abed 89 abed
250 440 3 .0 3 ab 1 .0 4  a 0 .3 2 abed 0 . 3 4 b 2 . 4 abed 89 abed
H y d ra t ed  Lime 240 0 3 .2 4 d 1 . 4 3  b 0 . 3 0 abed 0 .1 9 a 1 . 9 ab 91 abed
1 .0  t / h a 0 440 3.06 abc 1 .6 7  be 0.31 abed 0 .2 0 a 2.1 abd 97 bede
120 220 3 .1 0 abed 1 .8 3  be 0 .2 3 a 0 .2 0 a 2 . 3 abed 91 abed
120 440 3 .0 7 abc 1 .8 6  c 0 .3 0 abed 0 .2 0 a 2 .8 cd 85 abed
240 220 3.21 cd 1 . 7 8  be 0.31 abed 0 .1 9 a 2 . 5 abed 91 abed
240 440 3 .1 8 bed 1.91 c 0 .31 abed 0 .2 0 a 2 .6 abed 96 bede
c o n t i n u e d
Table 52 (continued)
Lime
t r e a t m e n t
Banded
P
B r o a d c a s t
P N Ca Mg P K A1
K g P 20 5/ h a % ppm
D o l o m i t i c  Lime 240 0 3.21 cd 1 .11  a 0 . 3 8  cd 0 .3 0 ab 2 .0 abc 86 abed
1 3 . 8  t / h a 0 440 3.01 a 1 .0 0  a 0 . 3 9  d 0 .3 2 b 2 .6 abed 110 de
120 220 3 .0 3 ab 1 .0 0  a 0 .4 0  d 0 .3 5 b 3 .0 d 71 cd
120 440 3 .0 4 ab 1 .0 3  a 0 . 3 5  bed 0 . 3 4 b 2 .8 cd 67 a
240 220 3 .1 0 abed 1 .0 0  a 0 .3 5  cd 0 .3 4 b 2 .8 cd 102 cde
240 440 3.11 abed 1 .0 0  a 0 .3 5  bed 0 .3 4 b 2 .8 dc 121 e
* numbers w i t h i n  a column fo l l o w e d  by t h e  same l e t t e r  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  a t  
t h e  0 . 0 5  l e v e l  a c c o r d i n g  t o  Duncan ' s  New M u l t i p l e  Range T e s t .
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Table 53. Nodule number and weight per nodule for alfalfa from the
D emeri t  e x p e r i m e n t .  Each v a l u e  i s  t h e  mean o f f o u r
r e p l i c a t i o n s .
Lime B r o a d c a s t Nodule number Weight
t r e a t m e n t r a t e p e r  p l a n t p e r  n o d u le
kg P 2 °5 /h a mg
unl imed 0 10 be* 1 .0  b
220 18 d 1 . 4  b
440 20 d 2 .0  c
2 .3  t / h a 0 4 a 0 . 5  a
h y d ra t e d 220 10 be 1 .2  b
440 15 c 1 . 3  b
13 .8  t / h a 0 14 c 1 . 3  b
d o l o m i t i c 220 21 d 2 . 4  c
440 22 d 5.1 d
*Means within a column followed by the same letter are not
significantly different at the 0.05 percent level according
to Duncan's New Multiple Range Test.
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2 .3  t / h a  h y d r a t e d  and 1 3 . 8  t / h a  d o l o m i t i c  l i m e  a t  440 kg b r o a d c a s t  
PgOs/ha was 2 0 ,  15 ,  and 22 ,  r e s p e c t i v e l y ;  and t h e  w e i g h t  p e r  n o d u le  o v e r  
t h e  same t r e a t m e n t s  was 2 . 0 ,  1 . 3 ,  and 5.1 mg, r e s p e c t i v e l y .  The h y d r a t e d  
l ime seemed t o  i n h i b i t  n o d u l a t i o n .
For  r e d  c l o v e r ,  no d u le  number and w e i g h t  a l s o  i n c r e a s e d  w i t h  t h e
r a t e s  o f  b r o a d c a s t  P,  b u t  t h e  m ag n i tu d e  was s m a l l e r  t h a n  f o r  a l f a l f a
(Tab le  5 4 ) .  In  t h e  un l imed p l o t s ,  t h e  i n c r e a s e  i n  n o d u le  number due t o  
b r o a d c a s t  P f o r  a l f a l f a  and r e d  c l o v e r  was 50 and 20 p e r c e n t ,  r e s p e c ­
t i v e l y .  For r e d  c l o v e r ,  t h e  w e i g h t  p e r  n o d u le  n e v e r  ex c eed e d  1 . 4  mg 
w h i l e  f o r  a l f a l f a ,  t h e  n o d u le s  we ighed  between 0 . 5  t o  5.1 mg. Hyd ra ted  
l ime d e c r e a s e d  n o d u l a t i o n  i n  r e d  c l o v e r ,  r e d u c i n g  n o d u le  number by 50 
p e r c e n t  compared t o  t h e  d o l o m i t i c  l i m e  p l o t s .
The d a t a  i n  t h i s  e x p e r i m e n t  i n d i c a t e d  t h a t  t h e  b r o a d c a s t  P r e d u c ed  
A1 s a t u r a t i o n  and i n c r e a s e d  t h e  a v a i l a b l e  P l e v e l s  i n  t h e  un l imed  p l o t s  
such t h a t  t h e  y i e l d s  o f  t h e  two legumes in  t h e s e  p l o t s  were  co m parab le  
to  t h e  d o l o m i t i c  l ime p l o t s .  The a d v e r s e  i n f l u e n c e  o f  h y d r a t e d  l im e
on n o d u l a t i o n  o f  a l f a l f a  and r e d  c l o v e r  i s  p r o b a b l y  due t o  an i n t e r ­
a c t i o n  between s o l u b l e  P and t h e  l i m e :
Ca++ + C a ^ P O ^  CagCPO^^ + H+
s o l u b l e  i n s o l u b l e
Acco rd ing  t o  N o r r i s  ( 1 9 6 5 ) ,  h ig h  l e v e l s  o f  s o l u b l e  Ca a r e  e s p e c i a l l y  
d e t r i m e n t a l  t o  c l o v e r s  t o l e r a n t  t o  s o i l  a c i d i t y .  N o r r i s  s t a t e d  t h a t  
Rhizobium and h o s t  p l a n t  which have e v o l v e d  i n  a c i d  s o i l s  have  d e v e lo p e d  
an i n t o l e r a n c e  t o  a l k a l i n e  c o n d i t i o n s .
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Table 54. Nodule number and weight per nodule for red clover from
t h e  D e m er i t  e x p e r i m e n t . Each v a l u e  i s  t h e  mean o f  f o u r
r e p l i c a t i o n s .
Lime B r o a d c a s t Nodule  number Weight
t r e a t m e n t r a t e p e r  p l a n t p e r  n o d u l e
kg P2 0 g / h a mg
unl imed 0 39 c* 0 .6  ab
220 49 de 1 .0  be
440 53 e f 1 . 3  c
2 .3  t / h a 0 10 a 0 . 3  a
h y d r a te d 220 19 ab 0 . 3  a
440 29 b 0 . 5  ab
13 .8  t / h a 0 48 cd 0 .8  b
d o l o m i t i c 220 63 f 1 .2  c
440 59 f 1 . 4  c
*Means within a column followed by the same letter are not
significantly different at the 0.05 percent level according
to Duncan's New Multiple Range Test.
IV. SUMMARY AND CONCLUSIONS
A l f a l f a  n o d u l a t i o n ,  n i t r o g e n  f i x a t i o n ,  and y i e l d  were more h i g h l y  
c o r r e l a t e d  t o  A1 s a t u r a t i o n  t h a n  pH i n  P a x t o n ,  Agawam, and C h a r l t o n  
s o i l s .  At  t h e  h i g h e s t  l i m e s t o n e  t r e a t m e n t ,  t h e  A1 s a t u r a t i o n  was 
reduced t o  l e s s  t h a n  1 p e r c e n t ,  and t h e r e  were  no d i f f e r e n c e s  i n  a l f a l f a  
g rowth.  Even though  t h e  added Ca l i k e l y  b e n e f i t e d  n o d u l a t i o n ,  t h e  m a jo r  
b e n e f i t  t o  a l f a l f a  growth was t h e  r e d u c t i o n  o f  A1. Lime c o a t i n g  had no 
i n f l u e n c e  on r e d  c l o v e r ,  b u t  i n c r e a s e d  n o d u le  number and w e i g h t  f o r  
a l f a l f a  w i t h o u t  b e n e f i t t i n g  y i e l d  o r  n i t r o g e n  f i x a t i o n .  R e s u l t s  from 
th e  3^P e x p e r i m e n t  showed t h a t  r e d  c l o v e r  was c a p a b l e  o f  m o b i l i z i n g  P 
in  t h e  p r e s e n c e  o f  A1 t o  a f a r  g r e a t e r  d e g r e e  t h a n  a l f a l f a ,  and t h i s  
a b i l i t y  was r e f l e c t e d  i n  t h e  l o w e r  A l /P  r a t i o s  i n  c l o v e r  n o d u le s  com­
p ared  t o  a l f a l f a  n o d u l e s .
The a d d i t i o n  o f  l i m e  t o  Paxton s o i l  r e d u ced  A1 s a t u r a t i o n  s i g ­
n i f i c a n t l y  b u t  had no i n f l u e n c e  on a v a i l a b l e  P. The s u p e r p h o s p h a t e  
e x p e r i m e n t  showed t h a t  once  t h e  A1 s a t u r a t i o n  i s  r e d u c e d ,  t h e  a p p l i c a ­
t i o n  o f  P had f a r  g r e a t e r  i n f l u e n c e  on a l f a l f a  gro wth t h a n  d o l o m i t i c  o r  
h y d ra t e d  l i m e .  These  e x p e r i m e n t s  on s o i l  a c i d i t y ,  l i m i n g  and P demon­
s t r a t e  t h a t  a l f a l f a  growth i s  d ep e n d e n t  on t h e  r e d u c t i o n  o f  A1 s a t u r a ­
t i o n  by l i m i n g ,  t h e  a d d i t i o n  o f  wh ich  s u p p l i e s  Ca r e q u i r e d  f o r  n o d u la ­
t i o n .  A f t e r  A1 r e d u c t i o n ,  t h e  p r i m a r y  im p o r t a n c e  t h e n  i s  n o t  t h e  i n ­
c r e a s e  o f  s o i l  pH t o  6 . 5  b u t  t h e  improved  a v a i l a b i l i t y  o f  P f o r  d ry  
m a t t e r  a c c u m u l a t i o n  which i s  h i g h l y  c o r r e l a t e d  t o  s u b s t r a t e  s u p p l y  f o r  
n i t r o g e n  f i x a t i o n .
1 4 4
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The aeroponic study examined the growth of alfalfa and red clover
a t  pH 5 . 0  w i t h  0 ,  1 ,  2 ppm A1 and 2 ppm + N. R e s u l t s  showed t h a t  a t
t h e s e  l e v e l s  o f  A1, c l o v e r  e x p e r i e n c e d  a maximum r e d u c t i o n  i n  f i x a t i o n  
o f  16 p e r c e n t  a t  2 ppm; u n d e r  t h e  same c o n d i t i o n s ,  t h e  r e d u c t i o n  in  
f i x a t i o n  f o r  a l f a l f a  ex c eed e d  70 p e r c e n t .  Upon t h e  a d d i t i o n  o f  com­
b ined  N, n i t r o g e n  f i x a t i o n  was r e d u ced  i n  bo th  legumes by 90 p e r c e n t ,  
b u t  t h e  y i e l d s  we re  n o t  s i g n i f i c a n t l y  d i f f e r e n t  from t h e  p l a n t s  a t  0 ppm 
A1. R e s u l t s  from t h e  a d d i t i o n  o f  combined N i n d i c a t e d  t h a t  t h e  A1 i n ­
f l u e n c e  on legumes was p r i n c i p a l l y  on t h e  s y m b i o s i s .
The i n f l u e n c e  o f  N on n i t r o g e n  f i x a t i o n  i n  a l f a l f a  and r e d  c l o v e r
was f u r t h e r  i n v e s t i g a t e d  i n  a s o i l  e x p e r i m e n t  u s i n g  0 and 60 kg N /ha .
The a p p l i e d  N i n c r e a s e d  n i t r a t e  r e d u c t i o n  w i th  a co m p en s a t in g  d e c r e a s e  
i n  n i t r o g e n  f i x a t i o n  such  t h a t  y i e l d s  we re  n o t  a f f e c t e d .  The Km f o r  
n i t r o g e n a s e  i s  0 . 0 3  t o  0 . 0 5  atm ( B e r g e n s e n ,  1977) which  i n d i c a t e s  t h a t  
t h e  p a r t i a l  p r e s s u r e  o f  N2  i s  n o t  t h e  l i m i t i n g  f a c t o r  i n  n i t r o g e n  
f i x a t i o n .  Hardy and Havelka  (1976)  found  t h a t  i n c r e a s i n g  t h e  l e v e l  o f  
CO2  from 300 t o  1000 ppm ca u s e d  e x p o n e n t i a l  i n c r e a s e s  i n  n i t r o g e n  f i x a ­
t i o n ,  a d o u b l i n g  o f  y i e l d ,  and a s e v e r e  r e d u c t i o n  i n  n i t r a t e  a s s i m i l a ­
t i o n  f o r  s o y b e a n s .  The d a t a  from Hardy and Havelka  i n d i c a t e d  t h a t  t h e  
l i m i t i n g  f a c t o r s  f o r  n i t r o g e n  f i x a t i o n  and n i t r a t e  a s s i m i l a t i o n  a r e  
s u b s t r a t e  s u p p l y  and s o i l  N, r e s p e c t i v e l y .  The p r o b a b l e  r e a s o n  f o r  t h e  
l a c k  o f  r e s p o n s e  t o  t h e  added N f e r t i l i z e r  i s  t h a t  N i s  n o t  t h e  l i m i t i n g  
f a c t o r  f o r  y i e l d ;  t h r o u g h  n i t r o g e n  f i x a t i o n ,  t h e  p l a n t s  have an u n l i m i t e d  
N s u p p l y .
The a d v e r s e  i n f l u e n c e  o f  A1 i s  n o t  l i m i t e d  t o  t h e  s y m b i o s i s  b u t  
a l s o  a f f e c t s  t h e  growth o f  t h e  R h izobium . In  c u l t u r e ,  t h e  a d d i t i o n  o f
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A1 t o  t h e  media a t  pH 5 . 0  s e v e r e l y  r e d u c e d  t h e  growth o f  R. m e l i l o t i .
At t h e  h i g h e r  p H ' s ,  t h e  e f f e c t s  o f  t h e  A1 c o u l d  n o t  be s e p a r a t e d  from 
t h e  p o s s i b l e  f o r m a t i o n  o f  A l -P  complexes  i n  t h e  m ed ia .  The d i f f e r e n t i a l  
t o l e r a n c e  t o  t h e  FL m e l i l o t i  s t r a i n s  t o  A1 and pH i n  c u l t u r e  d i d  n o t  
c o r r e s p o n d  t o  t h e  r e s u l t s  i n  t h e  s o i l .  Even though  c u l t u r e  e x p e r i m e n t s  
may be u s e f u l  i n  s e l e c t i n g  Rhizobium s t r a i n s  f o r  t o l e r a n c e  t o  A1, t h e r e  
i s  no g u a r a n t e e  t h a t  t h e  s t r a i n s  w i l l  i n t e r a c t  w i t h  a p l a n t  u n d e r  f i e l d  
c o n d i t i o n s  t o  improve  g ro w th .
Amending t h e  s o i l  w i t h  l im e  and P n o t  o n l y  improves  t h e  growth o f  
t h e  legume b u t  i n f l u e n c e s  t h e  growth o f  t h e  Rhizobium i n  t h e  s o i l .  
A l f a l f a  and r e d  c l o v e r  s ee d ed  i n t o  s o i l  from t h e  Demeri t  e x p e r i m e n t a l  
s i t e  showed t h a t  a p p l i e d  P had t h e  mos t  s i g n i f i c a n t  i n f l u e n c e  on 
n o d u l a t i o n  f o r  bo th  i n o c u l a t e d  and i n o c u l a t e d  p l a n t s .  In  t h e  Wallman 
s o i l ,  t h e  most  i m p o r t a n t  f a c t o r  i n  legume n o d u l a t i o n  was t h e  l e n g t h  o f  
t ime t h e  s o i l  had c o n t a i n e d  legumes b e f o r e  c o l l e c t i o n .  These  e x p e r i ­
ments i n d i c a t e d  t h a t  t h e  e n c o u rag e m e n t  o f  s o i l  p o p u l a t i o n s  o f  Rhizobium 
r e q u i r e s  t h e  r e d u c t i o n  o f  A1 s a t u r a t i o n ,  improved a v a i l a b i l i t y  o f  P and 
t h e  p r e s e n c e  o f  t h e  h o s t  p l a n t .
The a p p l i c a t i o n  o f  b r o a d c a s t  l im e  t o  t h e  s o i l  one y e a r  p r i o r  t o  
see d in g . r ed u c ed A 1  s a t u r a t i o n  from 16 t o  1 p e r c e n t  i n  t h e  t o p  5 cm o f  
t h e  s o i l  p r o f i l e  which enhanced  legume y i e l d s .  The banded l im e  had no 
v a lu e  i n  te rm s  o f  y i e l d ,  p e r c e n t  s t a n d ,  o r  p e r s i s t e n c e  o f  a l f a l f a  o r  
r ed  c l o v e r .  The i n f l u e n c e  o f  low P l e v e l s  and h ig h  A1 s a t u r a t i o n  i n  
t h e  d e e p e r  r e g i o n s  o f  t h i s  s o i l  can o n l y  be d e t e r m i n e d  o v e r  t im e  in  
terms o f  s t a n d  p e r s i s t e n c e .  The P a p p l i e d  a t  t h e  s u r f a c e  o f  t h i s  s o i l  
moved i n t o  t h e  p r o f i l e  s l o w e r  t h a n  t h e  l im e  so  t h a t  e f f e c t i n g  a
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s i g n i f i c a n t  i n c r e a s e  i n  a v a i l a b l e  P i n  t h e  d e e p e r  p r o f i l e  may be q u i t e  
d i f f i c u l t .
At t h e  D em er i t  s i t e ,  t h e  i n i t i a l  pH was 5 . 6  w i t h  an A1 s a t u r a t i o n  
o f  2 p e r c e n t  i n  t h e  t o p  5 cm o f  t h e  s o i l  p r o f i l e .  H y d ra t ed  l i m e  i n ­
c r e a s e d  t h e  pH t o  6 . 5  and r e d u ce d  A1 s a t u r a t i o n  t o  0 p e r c e n t  one month 
a f t e r  l ime a p p l i c a t i o n .  But  t h e  u se  o f  t h i s  m a t e r i a l  gave no y i e l d  
b e n e f i t  t o  a l f a l f a  and r e d u ced  n o d u l a t i o n  i n  b o th  le gum es .  The s i n g l e  
a p p l i c a t i o n  o f  banded P and t h e  co m b i n a t i o n  o f  t h e  h ig h  r a t e s  o f  banded 
and b r o a d c a s t  P gave a l f a l f a  y i e l d s  i n  t h e  un l imed  p l o t s  eq ua l  t o  t h o s e  
in  t h e  h y d r a t e d  and d o l o m i t i c  l ime  p l o t s .  The d a t a  c l e a r l y  shows t h a t  
P a p p l i c a t i o n  i n  t h i s  s o i l  was more o f  an a d v a n t a g e  t h a n  l i m i n g .
Ih  c o n c l u s i o n ,  t h e  u s u a l  p o l i c y  o f  i n c r e a s i n g  s o i l  pH t o  6 . 5  
f o r  o p t im a l  legume growth i s  n o t  as  c r i t i c a l  as  r e d u c i n g  A1 s a t u r a t i o n  
to  5 p e r c e n t  and i n c r e a s i n g  a v a i l a b l e  P. The pH a t  which t h i s  o c c u r s  
v a r i e s  between s o i l s ,  b u t  i n  t h e  Pax ton s i l t  loam and t h e  H in ck ley  
sandy loam, pH's  o f  5 . 6  t o  5 . 8  were  a d e q u a t e .  The d e p t h  t o  which t h e s e  
changes  i n  s o i l  c h e m i s t r y  a r e  c r i t i c a l  t o  legumes i s  n o t  e n t i r e l y  c l e a r ,  
b u t  t h e  p r e s e n t  d a t a  i n d i c a t e d  t h a t  r e d u c e d  A1 and i n c r e a s e d  P i n  t h e  
top  10 cm o f  t h e  s o i l  p r o f i l e  were  s u f f i c i e n t  f o r  f i r s t  and second  
y e a r  legume gro w th .
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